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REMARKS 

Claims 27-32 are pending in this application. 

A, Compliance with 35 USC 102 

The Patent Office rejected Claim 27 under 35 USC 102(a) as being anticipated by Storm et 
al., Nature 368:639 (14 April 1994), which describes a sequence encoding a protein comprising 
SEQ ID NO:24 but does not describe chondrogenic activity. According to MPEP 71 5, a Declaration 
under 37 CFR 1.131 can be used to overcome a 35 USC 102(a) rejection. Attached is a copy of 
Declaration of Prior Invention in the United States To Overcome Cited Publication Under 37 CRF 
§ 1 . 13 1, to swear behind Storm et al at a date prior to 14 April 1994. 

B. Compliance with 35 USC 103 

The Patent Office rejected the claims under 35 USC 103(a) as being unpatentable over 
Storm et al, Nature 368:639 (14 April 1994), and Neidhardt PCTEP93/00350, published 19 
August 1993. Under the statute, a patent may not be obtained if the difference between the 
subject matter sought to be patented and the prior art are such that the subject matter as a whole 
would have been obvious at the time the invention was made. Neidhardt is admitted not to 
describe a sequence encoding a protein comprising SEQ ID NO:24, only expression vectors, host 
cells, and processes for the production of proteins. The Rule 131 Declaration establishes prior 
invention prior to 14 April 1994. At the time the invention was made, Neidhardt's description of 
only expression vectors, host cells, and processes for the production of proteins could not have 
rendered the subject matter as a whole obvious because a sequence encoding a protein 
comprising SEQ ID NO: 24 was unknown. The secondary reference does not fill in the gap left by 
the antedating of the primary reference, thus the rejection cannot prevail. 
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CONCLUSION 

In view of the above, it is submitted that the claims are in condition for allowance. 
Reconsideration and withdrawal of all outstanding rejections are respectfully requested. Allowance 
of the claims at an early date is solicited. If any points remain that can be resolved by telephone, the 
Examiner is invited to contact the undersigned at the below-given telephone number. 



Respectfully submitted, 



KNOBBE, MARTENS, OLSON & BEAR, LLP 





Najxiy W. yensko 
Registration No. 36,298 
Attorney of Record 
Customer No. 45,311 
(805) 547-5585 
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PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Applicant 
Appl. No. 
Filed 
For 

Examiner 
Group Art Unit 



Luyten et al. 

09/574,819 

May 19, 2000 

CARTILAGE-DERIVED 
MORPHOGENETIC PROTEINS 

Romeo, David. S. 

1647 



DECLARATION OF PRIOR INVENTION IN THE UNITED STATES TO OVERCOME 
CITED PUBLICATION UNDER 37 CRF § 1.131 



Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Dear Sir: 

1. This declaration is to establish completion of the invention of this application in 
the United States at a date prior to 14 April 1994, the date that appears on Storm et al., Nature 
368:639-643 (1994), attached, which we understand was cited by the examiner. Storm et al. (Fig. 
1) shows the sequence alignment of the carboxyl terminal mature domains of GDF-5 (CDMP-1), 
GDF-6 (CDMP-2), and GDF-7. Fig. 1 also shows the amino acid sequence of the full-length 
mouse GDF-5 (CDMP-1). But this is irrelevant. The claimed invention does not encompass 
GDF-5 (CDMP-1). Rather it encompasses GDF-6 (CDMP-2) because here is the patent claim: 
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An isolated DNA molecule which codes for a protein of the TGF-P family, 
wherein said protein has chondrogenic activity in vivo and comprises a sequence 



WIIAPLEYEAYHCEGVCDFPLRSHLEPTNHA. 



2. 



The persons making this declaration are the named co-inventors. 



3. At the time of the 7 Nov 1994 filing date of this application, bone morphogenetic 
proteins (BMPs) were known to be members of the TGF-P superfamily that can induce 
endochondral bone formation in adult animals. This superfamily includes a large group of 
structurally related signaling proteins that are secreted as dimers and then cleaved to result in 
biologically active carboxyl terminal mature domains of the protein. These bioactive proteins are 
characterized by 7 highly conserved cysteine residues. See, for example, Rosen V. & Theis R.S., 
1992 Trends Genet. 8: 97-102 at Fig. 3, attached. 

4. To establish the date of completion of the invention of this application, the 
following true copies are submitted as evidence: Exhibit A: Employee Invention Report signed 
by the co-inventors and witnessed by non-inventor witnesses, and Exhibit B: Formatted 
Alignment of the carboxyl terminal mature domains of CDMP-1 (designated cdmp4matORF) 
and CDMP-2 (designated bmp3xmatORF), both exhibits dated prior to 14 April 1994, the dates 
of which have been removed. 

5. From Exhibit A it can be seen that partially purified extracts from newborn calf 
articular cartilage were found to induce cartilage and bone when subcutaneously implanted in 
rats. This activity showed characteristics of bone morphogenetic proteins (BMPs). Degenerate 
oligonucleotide primer sets derived from the highly conserved carboxyl-terminal region of the 
BMP family were designed and used in reverse transcription-polymerase chain reactions with 
poly(A)+ RNA from articular cartilage as template to determine which BMPs are produced by 
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chondrocytes. Two novel members of the BMP family were identified and designated cartilage- 
derived morphogenetic protein-1 (CDMP-1) and -2 (CDMP-2). Their carboxyl terminal mature 
domains revealed a common SHLEP motif, thus defining a novel subfamily. In contrast to other 
members of the BMP family, expression of both genes was observed predominantly in 
cartilaginous tissues both pre- and postnatally. Recombinant protein from one of the novel genes 
was expressed in COS 1 cells and demonstrated de novo cartilage inducing activity in vivo. 

6. Exhibit B shows sequence alignment of the carboxyl terminal mature domains of 
CDMP-1 and CDMP-2, characterized by 7 highly conserved cysteine residues. 

7. These results were subsequently published as Chang et aL, J. Biol. Chem. 
269:28227-28234 (Nov 1994), attached. By 14 April 1994, we had completed the work described 
in Fig. 1 (chondrogenic activity), Fig. 4 (sequence alignment), Fig. 5 (southern blot), Fig. 6 
(genetic mapping), Fig. 7 (multiple tissue northern analysis), Fig. 8 (in situ hybridization), and 
Fig. 9 (in situ hybridization). 

8. The evidence establishes completion of the claimed invention, an isolated DNA 
molecule which codes for a protein of the TGF-p family, wherein said protein has chondrogenic 
activity in vivo and comprises a sequence WIIAPLEYEAYHCEGVCDFPLRSHLEPTNHA, the 
completion being commensurate with the extent of the invention as shown in the reference Storm 
et aL, that is, the amino acid sequence for the carboxyl terminal mature domain of GDF-6 
(CDMP-2). 
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I declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful, false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of die United States 
Code and that such willful, false statements may jeopardize the validity of the application or 
patent issuing therefrom. 



Dated: 



By: 




07/06/2004 09:20 FAX 3018270449 
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I declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful, false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful, false statements may jeopardize the validity of the application or 
patent issuing therefrom. 

By: AtstLcedt,* A1<\n^/ K M.n P U.;h 
Malcolm Moos, Jr., M.D., Ph.D. ' 
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PH§ Employee Invention Report 



For Patent Branch Use 



E-Number 
U.S.P.A.# 



U.S. Filing (date) 



Part I: To Be Completed by the Inventor 



1 . Give a short descriptive title of your discovery or invention, -<C&>& 
Subfamily of cartilage-derived morphogenetic proteins belonging to the TGF-beta superfamily 

2. Please provide (in non-scientific terms if possible) a one paragraph description of the essence of your discovery or 
invention. 

This subfamily of cartilage-derived morphogenetic proteins could include key molecules governing the 
induction and maintenance of cartilage, bone tissues, as well as the differentiation of cartilage, bone, 
and bone marrow. 

A longer description of the invention is included as an addendum. 

3 . Who contributed to the invention or discovery? Please identify all colleagues who could merit co-authorship credit for the 
associated publication, whether or not you believe them to be "co-inventors/* 

Malcolm Moos, Jr, MD, PhD Ping Chen, PhD 

A, H. Reddi, PhD Nick Ryba, PhD 

Steven Chang, medical student Marie Krinks 

Bang Hoang, medical student Logan Klein waks 
Slobodan Vukicevic, MD, PhD 

4. Is anyone outside of die Public Health Service aware of your invention or discovery? If so, please identify them and describe 
the dates and circumstances. 

Yes, Dr. A.H. Reddi, as former mentor (since 1989): insight in the characterization of 
cartilage-derived, cartilage- and bone-inductive activity. 

5. Are you aware of any PHS patent applications that are related to your invention or discovery? 
No 

6. Please list the most pertinent previous articles, presentations or other public disclosures, made by you or by other 
researchers, that are related to your invention or discovery. Also, attach copies* please! 

No public disclosures. 

For related articles, please see the addendum. 

7. Please indicate any future dates on which you will publish articles or make any presentations related to your 
invention or discovery; 

June 10, 1994 

8. a. Is the subject matter of your invention related to a PHS CRAD A involving your laboratory or ICD? 

_£no 

_Yes. If yes, please identify the collaborator 
b. Is the subject matter based on research materials that you obtained from some other laboratory? 

■ _£no 

_Yes. If yes, please attach any material transfer agreements (MTA) under which you received the malmaL 



f nfS^^ are conducting similar research (if you know)? Can you identify any 

Procter ~& Gamble, Merckf Pfiker, Eli Lilly, Genentech, Genetics Institute, Creative Biomolecules, 
Advanced Tissue Engineering, and other companies invoved in treatment of skeletal diseases. 

10; Wh'ait further research would be necessary for commercialization of your inventions? Generally, what are your future 
research plans for the invention and/or for research in areas related tp the invention? 

Expression of recombinant protein and biological evaluation of: 

1. in vivo cartilage, bone and bone marrow induction, repair and regeneration; 

2. developmental regulation: pattern formation and limb development. 

3. hematopoietic, neurotrophic and myotrophic activities 



11. 'First Inventor Information: (Provide this information for each inventor who contributed to the essence of the 
invention. If more than one, use Page 4, "Information on Additional Inventors." ) 



Name 

Frank P. Luyten 


Degree 
MD, PhD 


Social Security No. 
218-11-7975 


Position Title 
Visiting Scientist 


Office address 
Bg. 10, Rm. 1N108 


Office Phone No. 
402-3502 


FAX No. 
480-2012 


Citizenship 

□ U.S. g| Other: Belgium 



Home Address 

10 Pitt Court, Rockviile, MD 20850 



Affiliation g| | C q (specify ICD and applicable box below): ..NCDR., 





GS 






GM 






SES 





CO 



Visiting Associate 
□~Non-ICD Affiliation (specify): 



Visiting Scientist 
Howard Hughes Fellow 
Guest Researcher 



PI Special Volunteer 
Pi Other (specify): 



If more than one inventor, what specific contribution did you make to this work? 

Overall concept, purification of bioactive proteins, cloning, expression, localization in human development 



Wlip)rfc||i|rtHp|tecl by the Technology Development Coordinator 

lJt?^u^tute(s) or Agehcy(is) i^hsoring this invention 



13. ^Patent prosecution fees arc to be charged to 


CAN: 


832-4625 


Costs will be shared with 
CBER/FDA; oral agreement 

with Rpa — r ; 




ICD: 


NIDR 


Droke i I; mechanism to be 
worked out. 





14. Inventors' Signatures 

> This report is submitted pursuant to Executive Older 10096 and 10930 and/or Department Regulations, in order that a 
determination may be made as to the Government's rights and interests in the invention. 



Inventors's Signatures 



Dates 




Witnesses's Signatures 



Dates 



A< 



15. The following Authorizing Official has {please check the appropriate box below): 
□ approved this invention for patent filing. X joa&Mk fob 



□ recommends this invention be assigned to the inventors. 

□ recommends this invention be placed in the public domain. 




Authorizing Official (Typed) 
Dr. Pamela G. Robey 



Date. 



Philip D. Noguchi, M.D. 
Director, Division of Cellular a 
CBER, FDA 



Therapies 



Information on Additional Inventors (copy as needed) 



Name 

Malcolm Moos, Jr. 


Degree 
MD, PhD 


Social Security No. 
471-6224-76 


Position Title 
Senior Staff Fellow 


Office Address 
Bg,29,Rm.B12 


Office Phone No. 
402-1849 


FAX No. 


Citizenship 

E3U.S: □Other: 



Home Address 
8507 Hazelwood Drive, Bethesda, MD 20814 



Affiliation gJjQD (specify ICD and applicable box below): ..CBER/FDA ^ 

- ■ " Visiting Scientist . 

Howard Hughes Fellow 
Guest Researcher 





GS 




CO 






GM 




Visiting Fellow 






SES 




Visiting Associate 





f~l Special Volunteer 
R| Other (specify): 
Sr. Staff Fellow 



Q Non-ICD Affiliation (specify): 



What specific contribution did she/he make to this work? 

Protein sequencing, degenerate PCR strategy and cloning, identification in embryonic systems, localization in developing 
embryos and developmental assays. 



Name 

Steve Chang 


Degree 

Medical Student 


Social Security No. 
110-6433-17 


Position Title 
Pre-IRTA Fellow 


Office Address 


Office Phone No. 
(401)435-6835 


FAX No. 


Citizenship 

□ U.S. |3 Other: Taiwan 



Home Address 

Box G, Brown University, School of Medicine, Providence, RI 



Affiliation E7I [qq (specify ICD and applicable box below): .,MDR., 





GS 






GM 






SES 





CO 

Visiting Fellow 



J Visiting Scientist 

Howard Hughes Felbw 
Guest Researcher 



I I Special 
[3 Other (specify): 
...Prc-.j^TAfeUsw,, 



n Non-ICD Affiliation (specify): 



What specific contribution did she/he make to this work? 
cDNA cloning 



Name 


Degree 


1 Social Security No. 


Position Title 


Office address 


Office Phone No. 


FAX No. 


Citizenship 

□ U.S. □ Other: 



Home Address 



Affiliation Q , CD (specify ICD and applicable box below): ... 

Visiting Scientist 
Howard Hughes Fellow 
Guest Researcher 

1H Non-ICD Affiliation 4 (specify): 





GS 




CO 




GM 




Visiting Fellow 




SES 




Visiting Associate 



I I Special Volunteer 
I I Other (specify): 



What specific contribution did she/he make to this work? 



Addendum to EIR Luvten/Moos 
INTRODUCTION: 

Because of the obvious importance of bone repair to orthopedics, reconstructive 
surgery, and dentistry, proteins that may facilitate this process have been sought 
for almost three decades. The starting point for these investigations was ;he 
observation that intramuscular implantation of demineralized bone induces new 
bone formation. This cascade of biological events could be reproduced when 4 M 
guanidine-HCI extracts of demineralized bone were reconstituted with the 
residual bone powder. The ability to assay for cartilage and bone differentiation in 
ectopic non-skeletal sites in this manner permitted unambiguous identification of 
cartilage and bone inducing proteins and allowed osteogenic activity to be 
followed through several protein purification procedures. Three groups (Luyten et 
al., 1989; Wozney et al. p 1988; Sampath et al., 1992) thus isolated material 
sufficiently homogeneous for peptide sequencing. The novel proteins discovered 
in this way were termed bone morphogenetic proteins (BMPs), and they were 
subsequently classified as members of the TGF-6 superfamily by virtue of amino 
acid sequence similarity. Screening of genomic and cDNA libraries. led to the 
isolation of genes encoding BMP-2 through BMP-7. Many of these proteins, 
including homologs obtained from Drosophila, have been produced in 
recombinant expression systems and shown to initiate cartilage and bone 
formation de novo. Thus, the bone induction assay, while of crucial importance in 
the isolation of these activities, shows limited capacity to discriminate between 
the physiological roles of the different members of the BMP-family .This cartilage 
and bone inducing activity is remarkable in that the normal stages of 
endochondral bone formation occurring during ontogeny, including mesenchymal 
condensation, cartilage and bone marrow formation, and eventual mineralization 
to produce mature bone, are recapitulated in a normal adult animal. 

Recent findings have indicated that the natural physiological functions of these 
proteins may be different and much more far-reaching than was originally 
anticipated. The observation that close homologs of these proteins exist in non- 
bony organisms such as Drosophila provided the first clue. Homologs of the 
BMP-2/BMP-4 subgroup exert profound effects on specification of the overall 
body plan, and organisms defective in these genes die during early 



embryogenesis because of severe disturbances in anatomical pattern formation; 
this confirms the importance of these proteins in pattern formation. Accordingly, 
we feel that these proteins serve more than one function in mammals, and that 
many of them remain to be uncovered. Clearly, such efforts will widen the scope 
of potential therapeutic applications to include such areas as limb regeneration, 
hematopoiesis, and preservation or regeneration of muscle and nerve tissue in 
various traumatic and pathological contexts. 

NOVEL FINDINGS: 

(1) Ectopic implantation of partially extracted articular cartilage matrix from 
newborn calves induces direct bone formation without a cartilaginous 
intermediate stage and (2) subcutaneous implantation of bovine articular 
cartilage and fetal bovine epiphyseal cat tilage extracts, when reconstituted with 
inactive bone residue, initiates de novo cartilage and bone formation in rats. We 
were therefore prompted to further characterize the cartilage derived molecules 
involved in the initiation of these inductive processes. 

The characterization of the inductive activity has been approached by both 
protein purification and degenerate PCR strategies. Purification of cartilage 
extracts from bovine articular surfaces by 1.2 M guanidinium-HCI/CHAPS 
extraction, heparin affinity chromatography, molecular sieve chromatography and 
concanavalin A affinity chromatography, followed by micropreparative 
nondenaturing SDS-PAGE yielded a highly purified and bioactive (assay 
described in ref 1) fraction. The amino acid sequences of this protein fraction did 
not show significant homology to known proteins, including the previously 
described BMPs. These findings confirm the presence of a protein fraction in 
cartilage with cartilage and bone inductive activity, with characteristics 
resembling members of the BMP family, but apparently distinct in sequence from 
the known ones. Concurrently, oligonucleotide primers were designed from highly 
conserved regions of the mature portion of the BMPs. Using RT-PCR, several 
novel BMP-related fragments were identified. Isolation of the cDNA clones led to 
the discovery of at least two novel members of the morphogenetic protein family, 
probably representing a novel subfamily Jased on common sequence motifs. In 
contrast to the other members of the BMP family, their localization in human 



tissues and development is restricted to chondrocytes, hypertrophic 
chondrocytes and progenitor cells in the bone forming regions of iong bones. 
Parallel experiments in three lower vertebrate species (G. Gallus, X. laevis and 
B. rerio) confirmed the existence of these genes and suggested, by virtue of their 
high degree of amino acid sequence identity (>90%), that they are critical to the 
viability of all vertebrates. Recombinant protein from one of the novel genes was 
expressed in COS 1 cells and demonstrated de novo cartilage inducing activity in 
vivo. 

CONCLUSION: 

Each of the known BMPs examined so far initiates cartilage and bone 
differentiation when reconstituted with a pharmacologically inert carrier (e.g., 
collagen) in a rat subcutaneous implantation assay. As mentioned earlier, this 
suggests that this assay is not able to discriminate between closely related 
members of the family. This might reflect genomic compensatory mechanisms for 
potentially lethal damage in genes involved in skeletal development or body axis 
formation. However, the fact that BMP-4 null mice are embryonic lethal mutants, 
with severely deranged overall body anatomy, indicates that the situation is more 
complex. This is confirmed by the finding that the BMP homologs in Drosophila 
that are known to be involved in pattern formation {decapentaplegic and 60A) 
have the capacity to induce bone formation in mammals when produced in 
recombinant expression systems and bioassayed in the rat induction model. The 
reverse is also true: human BMP-4 is able to confer normal dorso-ventral 
patterning in Drosphila transformants defective in dpp. All these observations 
suggest that at least several BMPs may function as morphogens in development. 
The localization studies reported so far further support the contention that several 
BMPs have a more widespread role, such as signaling in epithelial-mesenchymal 
interactions in a number of tissues such as teeth, kidney, lung, heart and urinary 
bladder. The discovery of a novel subfamily of cartilage derived morphogenetic 
proteins with very restricted expression patterns might indicate the existence of 
morphogens with a primary physiological function in the induction and 
maintenance (i.e., balancing cartilage and bone formation at articular surfaces) of 
cartilaginous and bony tissues. Finally, this subfamily could include key 
molecules governing bone marrow differentiation. 
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consistent with a role for PKG in LTP, and suggest that under 
Some circumstances cGMP analogues can also activate other 
mechanisms that may be involved in long-term depression. 

The present results suggest that soluble guanylyl cyclase and 
PKG are involved in the induction of LTP and could serve as 
target proteins for retrograde messengers. Consistent with this 
idea, recent studies indicate that 8-Br-cGMP increases both the 
amplitude of evoked excitatory postsynaptic currents (e.p.s.cs) 
and the frequency of miniature e.p.s.cs in hippocampal 
cultures 21 , suggesting that cGMP acts presynaptically. However, 
postsynaptic mechanisms may also be involved. cGMP and PKG 
have also been shown to produce activity-dependent long-lasting 
effects in cerebellum and sensory-motor cortex 22 " 24 . Because 
these effects are implicated in procedural learning 25,26 , whereas 
LTP in hippocampus is thought to be involved in declarative 
learning 27 , it is possible that these different types of learning at 
the behavioural level may involve, in part, similar underlying 
biochemical mechanisms. □ 
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The mutation brachypodism (bp) alters the length and number of 
bones in the limbs of mice but spares the axial skeleton 1,2 . It 
illustrates the importance of specific genes in controlling the mor- 
phogenesis of individual skeletal elements in the tetrapod limb 3 ' 4 . 
We now report the isolation of three new members of the trans- 
forming growth factor-p (TGF-p) superfamily 5 (growth/differen- 
tiation factors (GDF) 5, 6 and 7) and show by mapping, expression 
patterns and sequencing that mutations in GdfS are responsible 
for skeletal alterations in bp mice. GDF5 and the closely related 
GDF6 and GDF7 define a new subgroup of factors related to 
known bone- and cartilage-inducing molecules, the bone morpho- 
genetic proteins (BMPs) . Studies of BmpS mutations in short ear 
mice have shown that at least one other BMP gene is also required 
for normal skeletal development 7 . The highly specific skeletal 
alterations in bp and short ear mice suggest that different members 
of the BMP family control the formation of different morpho- 
logical features in the mammalian skeleton. 

The bp mutation acts cell non-autonomously in vitro and in 
vivo* and may disrupt production of a signal that stimulates 
mesenchyme aggregation and chondrogenesis in limbs 8,9 . To test 
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whether the skeletal alterations in brachypod mice could be due 
to mutations in a member of the BMP family of secreted signal- 
ling molecules we determined the mouse chromosome map loca- 
tions of several BMP and BMP-related genes. The previously 
described Opl/(Bmp7) wx and Op2/(Bmp8) 12 genes both map 
outside the candidate interval for the bp mutation, as do the 
genes for Bmp2 -Bmp6 (refs 7, 13). 

Three new BMP-related factors were identified by degenerate 
polymerase chain reaction (PCR; Fig. 1) and designated GDF5, 
GDF6 and GDF7. Like other BMPs and TGF-P superfamily 
members, each of the new factors contains a putative polybasic 
proteolytic processing site followed by a carboxy-terminal region 
containing seven conserved cysteine residues 5 . Previously charac- 
terized BMPs fall into three homology groups 612 : the BMP2/ 
BMP4 subfamily; the Vgrl(BMP6)/OPl(BMP7)/BMP5/ 
OP2(BMP8) subfamily; and BMP3. Molecules within each 
group share 74-92% identity in the amino-acid sequence of the 
mature C-terminal signalling region. Members of different sub- 
families share 40-60% identity. With the exception of a 
26-amino-acid glycine-rich insert present in GDF7, GDFS, 
GDF6 and GDF7 share 80-86% identity with each other in the 
mature C-terminal region, and 56-57%, 50-54% and 46-47% 
identity respectively with members of the three BMP subfamilies 
mentioned. Lower identity scores were seen with other TGF-P 
superfamily members. These comparisons suggest that GDF5, 
GDF6 and GDF7 genes define a new subgroup of BMP-related 
factors. Chromosome mapping has shown that the GdfS locus 
maps between the agouti and Src loci on chromosome 2 (Fig^ 
2). The bp locus has been mapped to the same region 14 , identi- 
fying GdfS as a candidate for the gene defective in brachypod 
. mutants. Gdf6 and Gdf7 map to the proximal ends of chromo- 
somes 4 and 12 and are not obvious candidates for other known 
mouse mutations (data not shown). 

To test whether GDFS is the normal product of the bp locus, 
we first isolated a full-length complementary DNA clone for the 
wild-type transcript. A probe from the mature region of GDF5 
hybridized to a single 2.5-kilobase (kb) transcript in embryonic 
RNA, peaking at clay 12.5 of development (data not shown). 
The complete sequence of a 2,329-base-pair (bp) cDNA clone 
of the embryonic transcript is shown in Fig. 1/3. The wild-type 
sequence contains a single large open reading frame of 495 amino 
acids. 

We next looked for alterations of GdfS sequences in three 
independent bp mutations. Two of the mutations arose on the 
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A/J and BALB/cJ inbred mouse strains, which were included 
in all experiments as parental controls (Fig. 3 legend). Southern 
blot analysis did not detect major disruptions of Gdf5 genomic 
sequences in any of the mutations; we therefore amplified coding 
sequences from RNA and analysed them by DNA sequencing. 
All three mutant alleles contained frameshift mutations in the 
Cd/5 open reading frame (Fig. 3). In bp/bp mice, bases 477-483 
of the wild-type sequence are deleted, followed by an inversion 
of bases 484-496. The resulting frameshift creates a translational 
stop cod on 62 amino acids later. In bp^/bp™ mice, a CG 
dinucleotide in the wild-type sequence is replaced by a single T 
at position 876. This frameshift mutation produces a transla- 
tional stop at the next codon. In bp J /bp J mice, a stretch of three 
Gs in the wild- type sequence is replaced by four Gs in the mutant 
(positions 1,444-1,448). This change produces a stop codon 41 



amino acids later. Neither sequence alteration found in the bp J 
and bp* mutants was present in the A/J or BALB/cJ parental 
control strains, strongly arguing that each was the result of a 
new mutation at the bp locus. 

Active signalling molecules in the TGF-/? superfamily are 
formed from the C-terminus of a larger precursor protein . The 
frameshift mutations in bp, bp J and bp 3J all occur before the 
mature signalling portion of GDF5 and should represent func- 
tional null mutations. To compare the skeletal phenotypes of 
the different alleles, we prepared skeletons from mice homozy- 
gous for the bp J and bp 3J mutations. As reported for the bp 
mutation on an outbred background 1,2 , the new mutations on 
coisogenic backgrounds produce specific defects in limb 
morphology (Fig. 4a, b, and other data not shown). The long 
bones of the limb are slightly shorter, and the feet are much 
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FIG. 1 Sequences of three new members of the TFG-0 superfamily. 
a, Partial amino-acid sequences of GDF5, GDF6 and GDF7 are aligned 
beginning at their predicted protease recognition sites (underlined). 
Dashes denote gaps introduced to maximize the alignment Numbers 
Indicate amino-acid positions in GDF5. The seven conserved cysteine 
residues are indicated (*). Identical amino acids are shaded, b, Nucleo- 
tide sequence of a full-length Gdf5 cDNA clone. The predicted GDF5 
product is a 495-amino-acid, 54.9K protein with a putative proteolytic 
processing site (shaded box) preceding a 120-amlnc-acid, 13.6K 
mature C-terminal polypeptide. A single AMinked glycosylation site is 
located in the pro-region (open box). An in-frame termination codon 
upstream of the putative ATG initiation codon is underlined. The poly(A) 
tail is not shown. 

METHODS. The following oligonucleotide primers were used to screen 
mouse genomic DNA for new members of the TFG-0 superfamily by PCR. 
Corresponding amino-acid sequences are shown in brackets. SJL136: 
CCGGMTTCGG(G/WC)TGGGA(^ 

T/CXQ/A)T [GWE(R/S)W(V/I/MXV/I/M)]; SJL121: CCGGAATTC(G /A)- 
CAICqG/A)CAa/C)Tq<^ 

complement YEDMWDECGC]; SJL141: CCGGAATTCGGITGG(Q/C/A)A- 
(G/AA/CXVG)A(T/C)TGG(A/G)TI(A/G)TI(T/G)CICC [GW(H/Q/N/K/D/E)- 
(D/N)W(V/I/M)(V/I/MXA/S)P]; SJU45: CCGGAATTC(G/A)CAI(G/C)C(G/ 
A)CAIG(C/A)«VA/T/C)TCIACI(G/A)(T/C)CAT [reverse complement M(V/ 
l/M/T/A)V(D/EXVS)C(G/A)C]; and SJL146: CCGGMTTC(G/A)CA1(G/C)C- 
(G/A)CAIG(C/A)(<y/W [reverse complement 

M(V/l/M/T/A)V(FVSXVS)qG/A)C]. PCR was carried out at 94 °C for 

1 min, 50 °C for 2 min, and 72 °C for 2 or 3.5 min for 40 cycles with 

2 ug CD-I mouse genomic DNA as template. Initial GDF5, GDF6 and 
GDF7 sequences were identified using primers SJL136 and SJLL21, 
SJLL41 and SJU45, and SJL141 and SJL146, respectively. The GDF6 
and GDF7 sequences were used to screen a mouse BALB/c genomic 
library from A. Lanahan. GDF5 sequences were used to screen a cDNA 
library constructed in the AZAPII vector (Stratagene) from day 12.5 post- 
coitum (p.c.) CD-I mouse embryo poly(A) + RNA. PCR products, genomic 
clones and the longest cDNA clone were sequenced as described 20 . 
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TTCAAGCCCPC^GTCAGTTGTaCGGCAGAAAGGGGGC^^ 

CCAgTTATTTTCACCTG CTCA CTOCJUSACGGT^ 

TATCCCACTt^TACACACAOUDCCCCGCC^^ 

CATTCACCCyXrnaXrCAGAGGATCAGACTC 

MRLPKLLTLLLWK 

LAWLOLEL XCTVLGAPOLCQ 
ACAACCCCAC«raCAAiXXAG«rrTG;K^ 

RTPCARPCLTXAEAXERPPL 
GCCACGAATCICTTrAGGCCAOOOOGTCATATCTATCGTC 

ARMVFRPCCHIYGVCATHAR 

CCCAAGGCAAGCTCTGGCCACACACAGCCCAACAACGAT<a^^ 

AKCSSCQTQARXDEPRXMPP 

AC A TCCGGT O GC1C TC AAACCAACCCACGACCCTCTTCCCAQACT 

RSCGSETKPOPSSQTRQAAA 

CCCACTaTAACCCCAAAACCACACCTTCCrOQGGGCAAAG^ 

RTVTPXGQLPOOXASSXAOS 

OCCCCCWXTCCTTTCTOriX^ACAACJ^^ 

APSSPLLXKTRBP CTPRBPK 

CATCACACCCCACQAATACATOCTCTCCCTGTACAOGAOC 




AACACCATCACCACCTTTAT 

HTITSPIDXCQDOR 
CACAOQTA Ui IU1T11 ACATCAC IC C l n UU ACAACOATi 
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TCCAGTCCCAAGGCClTCCATCTCAACTTCAAGGACATCa 

C S R K ALHVNFKDMCXODWI 1 
CCACCTCTTSAOTATCAO GC CTTCC A CTCCGAAC^ 

A PL EYEAPHCEGLCE PPLRS 
CACTTOGACCCCACAAACCACGCAGTCATTCACACCCTAATOAACTCTATGGACCCTO^ 
HLBPTNHAV1QTLMHSKDPB 
TCCACACCACCCAC 1 TC H 1 nXCTACACtXXrTC^ACTCCTATrAGCATCCTCTTCATC 
S TP PTCCVPTRLSPISILPX 
CACTCTOCCAACAACCTO C T O TATAAACACTACCAOCACATa3TC^^ 
OSAHNVVYXQYSOMVVBSCa 
TCX^CCTAOCACCACCG<XXC ACCT V ll 7 '1 I CAOCXTTOiCACATCCACAGACTACCCCCT 
C R * 

CTACACOTTCCTCGACTAACAGACAGCCTCra 
CTGCAGCAAAGAGTTCTCACCAGGCTTACTCTCTGGATCriG^ 
CCTTCTCAAGATTCCTGCCCAAGGAACAGACTCTGACTGGCCCTQC 
CTTCTTAATCaOATTCACTTCACCAlt.lL I V.L'1 U . UA AA ^ CGCJ»CACCTTCATTTCTCT 
CCACA CTCTC CACaCAACT TCTACCTATATCCTAAC I Q H.1U. T 
CCTTCAATCACCTTTGTCCCTOCTCACTTr^^ 

GCAAAGAAOCGCAAAGGCC l"lt«UCCAGCGGTGAACAGAAGACTATGACCCTAATTACACT 
CTTACATTAAAATGTACATCCATCACATAAAAGCTGAATCTTCATCCCT 2329 
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FIG. 2 Gdf5 maps in the bp region of mouse chromosome 2. Top, 
recombination mapping places Gdf5 between the agouti and Src loci 
on chromosome 2 ( closely linked to Emv-15; bottom, comparison of 
Gdf5 map position with a partial consensus linkage map of distal mouse 
chromosome 2 (ref. 14). The bp locus has also been placed between 
agouti and Src, closely linked to Emv-15. Several underlined loci both 
proximal and distal to this region have been mapped to chromosome 
20 in humans (map locations shown on the right) 14 . 
METHODS. ONA was prepared from progeny of an interspecific 
backcross between (C57BL6J x m. spretus) F t females and C57BIV6J 
males, digested with Hindi and analysed by Southern blot hybridization 
with a Gdf5 cONA probe (nucleotides 1,997-2,329). This probe hybrid- 
ized to a 3.7-kb H/ncI I fragment in C57BL/6J ONA, a 2.6*b fragment 
in M. spretus DNA, and to one or both fragments in backcross progeny. 
The inheritance of this restriction-fragment length polymorphism in 121 
backcross progeny was compared with the inheritance patterns of over 
2,000 other markers previously typed on the same animals 21 , including 
Pax-l, a, Bnv-15, Src and Ada 22 * 23 . Columns of black and white boxes 
represent chromosome types inherited from the Fi hybrid parent 
Numbers beneath the columns represent the number of backcross 
progeny observed with each chromosome type. 



shorter than controls. The reduction in length of the feet is 
largely the result of altered patterning of segments in the digits. 
In place of the proximal and medial phalanges is a single bone 
that has been described previously as resulting from a fusion of 
the proximal and medial phalangeal condensations (Fig. 4b) 2 . 
Additional defects in the length of the metacarpals and metatar- 
sals and slight disorganization of the carpals and tarsals are also 
present. In contrast, the axial skeleton is largely unaffected by 
the mutations. 

Previous studies have shown that defects in brachypod mice 
are first detectable around day 12 of gestation 2 , when 
mesenchyme first aggregates into outlines of future digit ele- 
ments. Digit condensations in brachypod mice are thin, mal- 
formed, and slow to initiate chondrogenesis. In addition, 



mesenchyme from brachypod mice shows a reduced ability to 
form aggregates and cartilaginous nodules in vitro 9,15 . To deter- 
mine the sites of Gdf5 expression in wild-type embryos, serial 
sections of day- 12.5 embryos were analysed by in situ hybridiza- 
tion. Gdf5 transcripts were detected in the limbs in distal precar- 
tilaginous mesenchymal condensations and in the perichondrium 
of more proximal skeletal structures (Fig. 4c-/). No other major 
sites of hybridization were detected in axial skeletal structures 
or soft tissues. 

The sequencing studies reported here provide strong genetic 
evidence that the skeletal alterations in bp mice are the result of 
mutations in Gd/5. This conclusion is further supported by the 
map location of Gdf5, its homology to BMPs, its specific expres- 
sion in the mesenchymal condensations that give rise to the limb 
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FIG. 3 Three independent bp mutations 
disrupt Gdf5 coding sequences. Top, 
schematic diagram of the Gdf5 cDNA 
showing positions of sequence alterations 
in bp alleles. All three mutations result in 
frameshffts and premature translationai 
termination In the GDF5 open reading 
frame. The bp mutation occurred spon- 
taneously on an outbred mouse strain in 
1952 1 . The bp* and bp 3 * mutations occur- 
red spontaneously in the highly inbred A/ 
J and BALB/cJ wild-type strains in 1975 
and 1993, respectively 24 . Position 613 
(asterisk) is polymorphic in different 
strains, resulting in a serine residue in 
CD-I, BALB/cJ and bp* mice, and a pro- 
line residue in the A/J. bp* and bp strains. 
Bottom, details of frameshift mutations. Wild-type and mutant sequence 
Information Is presented beneath autoradiograms demonstrating the 
sequence changes. The reverse complement of bases 1,436-1,454 Is 
shown. 

METHODS. Gdf5 coding sequences were amplified from control and 
mutant RNA using reverse transcription and PCR. RNA was isolated from 
brains using RNAzoi (CINNA-BI0TECX). First-strand reverse transcription 
reactions used primers located from 1,869 to 1,850 or 1.575 to 1,554 
in the wild-type Gdf5 cDNA sequence. cDNA reactions were then ampli- 
fied with primer pairs 1,306-1,322 and 1,869-1,850, or 272-289 and 



Pro region 



Mature 



-3' 




bp3J 



wc 466 (reraocftrociGQo 

nut 466 CM3K300CACC 



bp BALB/cJ 

COT A C O T .A__.C_0_T_. 



wt 866 AA3tt3aXTCaOTTOG 886 wt 1454 
nut 668 AACPGQGT-TGMGTroG 885 nut L455 

30CM3XX3GT 507 
X&GOJJJT 500 



A/J bp* 

HCOt A_C_ Q T 




a a * nnn a rvn a 



1,575-1,554. Second-round amplifications used primers 1,364-1,384 
and 1,869-1,850. or 290-308 and 1,497-1,480. Amplified PCR pro- 
ducts were cut from Sea Plaque (FMC) agarose and sequenced directly 
using the Sequenase Version 2.0 sequencing kit (USB). Sequencing 
primers correspond to positions 294-311, 767-783, 846-829, 1364- 
1,384, 1,497-1,480 and 1,869-1,850 in the cDNA. Arrows bracket the 
region completely sequenced in two control strains and the three 
mutant alleles (position 320 to 1,814). Each frameshift mutation was 
confirmed on both strands and in at least two independent reverse- 
transcription PCR reactions. 
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FIG. 4 Skeletal phenotype of bp 1 mutant and GdfS 
expression in the developing limb, a, Alizarin red skele- 
tal preparations from a representative bp* homozygote 
and an age-matched wild-type animal from the parental 
A/J inbred strain. The long bones are reduced and the 
fibula is shortened proximally. The bones of the axial 
skeleton are unaffected, b. close-up view of right hind 
feet The most prominent alteration is a change in the 
number of the phalanges In bp* homozygotes. In addi- 
tion, metatarsals are reduced in length and the tarsals 
are Irregular In shape, c-/, Expression of GdfS in limb 
mesenchyme of day-12.5 p.c. mouse embryos. Bright- 
field <c,e) and dark-field {d,f) photomicrographs of 
transverse (c,d) and sagittal (e,f) sections, showing 
views through forelimb and posterior end of embryo, 
respectively, after hybridization with 35 S-labelled GdfS 
antisense probe. Serial sections revealed hybridization 
to be localized to proximal (PROX, filled arrows) and 
distal (DIS, open arrows) mesenchyme In the forelimb 
(c,d) and hindiimb (e f f). Anterior-posterior (A-P) and 
dorsal-ventral (D-V) embryonic axes are indicated (e). 
UR, H and OB indicate primordia of ulna and radius, 
humerus, and digital bones; L indicates liver. Gdf5 
sense control probes produced no signals on adjacent 
sections (data not shown). 

METHODS. Skeletons of mice were prepared in 1% 
(w/v) potassium hydroxide and stained using Alizarin 
red 25 . Day-12.5 p.c. female mouse embryos were fixed, 
embedded In paraffin, sectioned and hybridized as 
described 26 to sense or antisense RNA probes 
(4 x 10 s c.p.m. nl~ l ) transcribed from templates con- 
taining nucleotides 308-1,446 of the Gdf5 cDNA clone. 
Slides were developed after a 4-6-week exposure time 
to Kodak NTB3 emulsion and were stained with haema- 
toxylin and eosin. 
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skeleton, and previous experiments showing that the bp mutation 
acts cell non-autonomousiy in cultured cells and chimaeric 
mice 8 * 9 . The remarkable ability of BMPs to induce ectopic bone 
and cartilage 6 and the defects in skeletal structures caused by 
Bmp5 mutations in short ear mice 7 has suggested that BMPs are 
the normal signals used to initiate bone and cartilage formation 
during embryonic development 16 . Our results strongly support 
this model and provide evidence that BMP-related genes are also 
required for skeletal patterning in the vertebrate limb. Strikingly, 
although the brachypodism and short ear mutations both disrupt 
the condensation of mesenchyme cells into outlines of particular 
skeletal elements, they do so in completely different regions of 
the embryo: short ear null mutations alter the size and shape of 
ears, sternum, ribs and vertebral processes, but do not alter limb 
bone lengths or digit morphology, whereas bp null mutations 
alter bone lengths and the number of segments in the digits of 
all four limbs, but do not affect ear, sternum, rib or vertebral 
morphology. The skeleton of higher animals thus appears to be 
a mosaic structure that is built from the composite patterns of 
activity of different BMP-like proteins. Changes in the activity 
of particular BMP family members may provide a general 
mechanism for altering the number and morphology of 
individual skeletal elements during development and evolution. 

Although GdfS transcripts are present in a variety of non- 
skeletal tissues in adult mice (including uterus, placenta, oviduct, 
brain, thymus, heart, lung, kidney and adrenal gland; data not 
shown), brachypod mice are fertile and do not show obvious 
behavioural abnormalities or striking morphological changes in 
soft tissues. More detailed studies will be required to determine 



whether subtle defects are present, or whether related family 
members can compensate for GDF5 deficiencies in soft tissues. 
A number of human brachydactyly syndromes are known that 
also disrupt the size or number of phalanges and limb bones 
without producing obvious abnormalities in other organ 
systems 17 " 9 . Direct analysis of GdfS sequences or linkage studies 
with chromosome 20 markers (Fig. 2) can now be used to test 
whether any of these human syndromes are also due to GdfS 
mutations. □ 
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901 California Avenue, Palo Alto, California 94304-1104, USA 
*U119 INSERM, 27 Boulevard Lei Roure, 13009 Marseille, France 

The FLT3/FLK2 receptor tyrosine kinase is closely related to two 
receptors, c-Kit and c-Fms, which function with their respective 
ligands, Kit ligand and macrophage colony-stimulating factor to 
control differentiation of haematopoietic and non-haematopoietic 
cells'^ 5 . FLT3/FLK2 is thought to be present on haematopoietic 
stem cells and found in brain, placenta and testis 3 " 5 . We have 
purified to homogeneity and partially sequenced a soluble form of 
the FLT3/FLK2 ligand produced by mouse thymic stromal cells. 
We isolated several mouse and human complementary DNAs that 



FIG. i FL assays and purification a, Survival assay (measured by 3- 
(4,5 dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide conversion) 
in which concentrated TA4-conditioned medium (neat 100 x) is titrated 
onto factor-dependent Ba/F3 (-A-) and Baflt (-A-) cells. Also shown 
is the Ba/F3 (-0-) and Baflt (-•-) response to IL-3 and the Ba/F3 
(_□_) and Baflt (-■-) response to medium alone. b t Autophosphoryta- 
tion assay (measured by the appearance of an immunoprecipttated 
FLT3 band on an antiphosphotyrosine western blot) in which TA4-condi- 
tioned medium js titrated onto Ba/F3 and Baflt cells. As a positive 
control, the tyrosine-phosphorylated receptor was precipitated from M- 
CSF-stimulated RatT-8 cells (Rat-2 fibroblasts transfected with a chinv 
aerie receptor composed of the ligand binding domain of c-Fms and 
the Intracellular domain of FLT3/FLK2). c, Analysis of fractions from 
reversed-phase HPLC of affinity-purified FL from the consecutive first 
(left) and second (right) affinity depletions. Top, silver-stained SOS-PAGE 
on reduced samples of each fraction in the region of FL activity. FL is 
the -30K band whose appearance coincides with biological activity. 
Lower, FL activity in each fraction as measured using the Baflt-Ba/F3 
survival assay. In this case fractions 40-43 from the first depletion were 
then combined and run on preparative SDS-PAGE (not shown) to purify 
the FL to homogeneity for sequence analysis. The crude TA4-condi- 
tioned medium contains about 0.05 ng FL per ml, and affinity chromato- 
graphy plus RP-HPLC produces biologically active FL that is purified 
>300,000-fold. d, Autophosphorylation assay using highly purified 
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natural FL 

METHODS. To measure FL biological activity, MTT colorimetric assays 1 
were performed in parallel on Ba/F3 and Baflt cells using 10* cells per 
well. The FL-specific dose response was calculated by subtracting the 
Ba/F3 titration signal from the corresponding Baflt titration signals. 
Unit of FL activity, amount of active material producing 50% maximal 
stimulation. For receptor phosphorylation assays, 3 * 10 fl Baflt or Ba/ 
F3 cells were stimulated with ligand for 5 min. Cell lysates were pre- 
pared and immunopreclpitated with an antiserum against the kinase- 
insert domain of FLT3/FLK2 14 . This antiserum was also used to detect 
the chimaeric c-Fms/FLT3 receptor on Raff-8 cells. Immunoprecipitates 
were run on SDS-PAGE and western blots probed with an antiphospho- 
tyrosine antibody (4G10). Typically >90% of the FL in 200 1 of TA4- 
conditioned medium was adsorbed with 5 ml FLT3/FLK2 affinity beads, 
eluted with 0.1M glycine, pH 2.5, and chromatographed on a 
4.6 x 200 mm Poros R/H (PerSeptive) reversed-phase column with a 
linear 28% to 40% CH 3 CN gradient (into H 2 0) with 0.1% TFA. Active 
fractions were combined and run in a single lane of an SDS-PAGE 
minigel. The FL band was then either blotted to PVDF membrane for 
direct N-terminal sequencing or excised and digested with endoprotein- 
ases (trypsin, chymotrypsin, or AspN) for sequence determination of 
peptides purified by microbore RP-HPLC. Sequencing was done with 
Applied Biosystems 476A and 477A gas phase sequencers. 
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n the vertebrate embryo, the first stage of bone for- 
mation may involve either the establishment of a carti- 
laginous intermediate (endochondral bone formation), 
or direct conversion of mesenchymal cells into osteo- 
progenitors (intramembranoiis bone formation) or, in 
some instances, a combination of these two processes. 
Bones of the limbs, vertebral column, pelvis and the 
base of the skull form by the endochondral pathway 1 , 
and require the production of a cartilaginous proto- 
type. This process has been extensively studied histo- 
logically, but the absence of specific markers for mes- 
enchymal stem cells and their progeny has limited our 
understanding to a descriptive level. 

The transformation from mesenchyme to cartilage 
begins when histologically undifferentiated mesenchy- 
mal cells migrate to precise locations in the embryo 2 . 
These cells condense, growing into tightly packed 
amalgams which secrete large amounts of extracellular 
matrix components that are characteristic of cartilage, 
notably collagen type n and cartilage-specific proteo- 
glycans (Fig. 1, top left). Layers of fibroblast-like cells 
form around each cartilage nodule, creating a boundary 
between the developing cartilage and the surrounding 



The BMP proteins in bone 
formation and repair 

VICKI ROSEN AND R. SCOTT HEfiES 

From recent advances in the fields of bone biology and 
pattern formation, the first dues to our understanding of 
embryonic skeletal development are beginning to emerge. 
Ibis complex process involves an integration of spatial 
patterning and tbe differentiation of specialized cells tbat 
make up bone and cartilage. Tbe result is a scale model of 
tbe mature skeleton wbicb is able to grow in size to fit tbe 
adult body plan. In tbe mature animal, bone repair after 
injury appears to be similar to bone formation in tbe 
embryo, suggesting tbat analogous mecbanismsfor tbe 
control of bone formation may exist in tbe adult and 
embryonic skeletons. 

tissue. This perichondrium becomes infiltrated by 
capillaries on its outer surface, providing vascular sup- 
port for continued growth of the cartilage nodule 3 
(Fig. 1, top right). 




FICU 

Photomicrographs of bone formation in the mouse embryo. Top left: Cross-section through forelimb of 13*5 d.p.c. (days post coitum) 
mouse embryo. The area of chcmdrogenesis shown is at the level of the shoulder. The section has been stained for alkaline 
phosphatase (red) and counterstained with toluidine blue, c, cartilage; pc, perichondrium. Top right: Longitudinal section through 
forelimb of 16 d.p.c. mouse embryo. The area shown is at the level of the digits. Staining as above. c t cartilage; pc, perichondrium; 
he, hypertrophic cartilage. Arrows point to sites of vascular invasion. Bottom left: Longitudinal section through forelimb of 16 d.p.c. 
mouse embryo, the area shown is at the level of the humerus. The section has been stained with toluidine blue, he, hypertrophic 
cartilage; po, periosteum; b, bone. Arrows point to sites of vascularization. Bottom right Ixwigirudinal section through calvaria 
(developing skull) of 16 dp.c. mouse embryo. The section has been stained with toluidine blue, b, bone; o, osteoblasts. Arrow 
points to site of vascular invasion. Photos courtesy of J. Capparella. 
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Fracture healing consists of two processes that 
result in new bone formation and filling in of the 
gap created by the bone break. The outer bone 
heals through the proliferation of osteoprogenitor 
cells resident in the periosteum (periosteal cells). 
New cells are added to the ends of the bone until 
they bridge the gap. The inner bone heals through 
a more complex process. A hematoma forms 
between the split pieces just as in other tissue repair 
processes. Osteoclasts differentiate from hemato- 
poietic precursors in the bone marrow and begin to 
clear out the dead bone debris. Mesenchymal stem 
cells thought to reside in the adherent cells of the 
bone marrow stroma and elsewhere migrate into 
the fracture space and differentiate into cartilage 
cells (chondroblasts). These cells are then replaced 
by bone cells (osteoblasts) that lay down new bone 
and unite the fracture site. 



(4) 
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As the cartilage cells in the middle of the anlage 
hypertrophy, their matrix becomes mineralized, pre- 
sumably limiting the availability of nutrients and gas 
exchange, and the hypertrophic chondrocytes die. 
Subsequendy, phagocytic cells, entering the develop- 
ing bone through newly formed blood vessels, remove 
the dead cartilage and create a cavity that becomes 
occupied by osteoprogenitor cells. The source of these 
bcme-forming cells is unknown ..They may differentiate 
from progenitors present in the fibroblast layers of the 
perichondrium, or perhaps from the vascular system 
(Fig. 1, bottom left). 



As osteoblasts differentiate from progenitors, they 
synthesize and deposit bone-specific matrix proteins 4 . 
Infiltrating vascular components form an intricate 
series of channels throughout the bone, providing 
nutrients and allowing gas exchange. The final result 
of this highly complex process is a bone surrounded 
by periosteum and containing a central marrow cavity. 
The newly formed bone may grow in size as existing 
osteoprogenitor cells mature, without having to return 
to the formation of a cartilaginous intermediate. 

Bones of the craniofacial skeleton - the maxilla, 
mandible and skull - undergo a slightly different 
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developmental progression known as intramembranous 
bone foraiation. During this process, progenitor cells 
from the neural crest and other areas migrate and con- 
dense at appropriate sites in the embryo 5 , In Intra- 
membranous bone formation, the condensing cells dif- 
ferentiate directly into osteoblasts, as judged by 
morphological and biochemical parameters (Fig. 1, 
bottom right). Thus, unlike endochondral bone for- 
mation, this process does not appear to involve an 
intermediate cartilaginous state. However, recent evi- 
dence suggests that the osteogenic cells of the cranial 
mesenchyme transiently express cartilage-specific col- 
lagens at fairly high levels before they differentiate into 
osteoblasts 6 , making the distinction 
between intramembranous and endo- 
chondral bone formation less clear cut. 

In cases of fracture repair, osteo- 
genesis closely resembles the stages of 
intramembranous and endochondral 
bone formation seen in embryogenesis. 
As illustrated in Fig. 2, repair proceeds 
along two fronts. The fibroblast layer 
of the periosteum begins a sustained 
period of cell division to increase the 
osteoprogenitor population. These pro- 
genitor cells then differentiate into 
mature osteoblasts, which produce 
enough new bone matrix to close the 
gap between the cortical surfaces 7 . 
This process is analogous to intra- 
membranous bone formation, and no 
cartilaginous intermediate is evident. 
The central core of bone is repaired in 
a process resembling endochondral 
bone formation. Mesenchymal cells 
brought into the site differentiate into 
chondroblasts, give rise to a calcified 
cartilage matrix and subsequently to 
new bone and bone marrow. Since 
these events so closely resemble those 
seen in the embryo, it is possible that 
the same regulatory signals and re- 
sponsive cell types are required for 
fracture repair and embryonic skeleton 
formation. This possibility will remain 
untested until we learn more about 
the cell populations involved. 



Discovery of osteoinductive proteins 

Osteoinductive factors were dis- 
covered when it was noticed that 
pieces of de mineralized bone, or ex- 
tracts isolated from osteosarcomas and 
certain epithelia, could direct new car- 
tilage and bone formation when placed 
subcutaneously or intramuscularly in 
rats*- 10 . This activity was named bone 
morphogenetic protein (BMP) by 
Marshall Urist in 1965, but the pro- 
teins responsible for bone induction 
remained unknown until the cloning 11 
of human proteins BMP-2-4 in 1988. 
After BMP is implanted ectopically, 
mesenchymal cells appear at the site, 



where they proliferate and differentiate into chondro- 
blasts. The cartilage formed then hypertrophies, calcifies 
and is eventually replaced by bone, complete with a 
functional marrow cavity 12 .' This sequence of events 
closely resembles endochondral bone formation as it 
occurs during embryogenesis and in fracture healing, 
and suggests that the proteins responsible for bone in- 
duction in this assay may be the natural bone inductive 
factors. 

At present, seven different proteins in the BMP 
fraction of bovine bone have been described. Six of 
these appear to be closely related, on the basis of 
sequence homology (Fig. 3a). Molecular cloning of the 



T T 



c cc cc cc 



c cc 



C CC CC CG 
▼ ▼ 



c cc cc cc 

▼ T 



c c cc cc cc 

▼ ▼ T ▼ ▼ 



c cc cc cc 
▼ ▼ ▼ 



c cc cc cc 



(b) 








<y 






BMP-2, 4 


26-28 


40-41 


20-22 


33-35 


51-53 


68-72 


53-57 


43-45 


BMP-3 


30 


36-37 


27 


32 


44 


41 


37-43 




BMP-5-7 


23-26 


35-44 


22-23 


33-37 


51-53 


50-53 






DPP 


25 


38-40 


22 


32-34 


45 








Vgt 


31 


36-46 


24 


36 










TGF-p, 2 


24-28 


35-42 


24-26 












Inhibin a 


25 


26 














Inhibin p A, B 


23-24 

















FIGJE 

Comparisons of the BMP proteins and the homologies of proteins in the TGF-p 
family, (a) Comparison of the BMPs before they are processed for secretion. The 
striped areas represent the hydrophobic leader sequences of each BMP precursor. 
The propeptide portion of each BMP is indicated by the hatched region and the 
mature peptide sequences are shown by the open rectangles. The active portion of 
each BMP is the carboxy-terminal domain, which contains seven conserved 
cysteines (O. All the BMPs are glycosylated and potential blinked glycosylation 
sites are represented by filled triangles. OP-1, osteogenic protein 1; h, human; 
m, mouse, (b) Comparison of the amino acid sequences of the mature regions of 
the TGF-p family members. BMP sequences used for comparison are the human 
proteins, as are the sequences of MOllerian inhibitory substance (MIS), the inhibins, 
and the transforming growth factor p (TGF-P) molecules. DPP (decapentaplegic) is 
the Drosopbiia protein, and Vgl is the Xenopus mRNA. 
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Photomicrographs of 3 cm mandibular defects in mongrel dogs. 
Top: 3 months after the 3 cm defect has been made. There is 
some minimal healing at the edges of the defect by t the bone 
has failed to unite. Bottom: 3 months after the 3 cm defect has 
been treated with BMP-2, the bone surfaces have reunited and 
the contour of the bone has returned to normal Photos courtesy 

of M. Holtrop. 

genes for these proteins has revealed that BMP-2-7 are 
all synthesized as dimeric precursor glycoproteins that 
are proteolytically processed before secretion to pro- 
duce a family of 30 kDa homodimeric proteins 13 . 
Purified recombinant human BMP-2, -4, -5 and -7 have 
osteoinductive activity as demonstrated in the ectopic 
bone formation assay ; at present there are only prelim- 
inary data in the literature for BMP-3 and none for 
BMP-6 (Refs 14-16). 

Interestingly, BMP-2-7 are members of the trans- 
forming growth factor P (TGF-p) gene superfamily, and 
are most closely related to those molecules thought 
to be involved in determination of cell fate during 
development (Fig. 3b). The BMP-2 and -4 genes are 
75% identical to the decapentaplegic (*##>) gene of 
Drvsopbila. The. fundamental role of dpp in both 
dorsoventral body patterning and in imaginal disk for- 
mation in Drosophila suggests that BMP-2 and -4 may, 
by analogy, play a role in vertebrate development 17 . 
The BMP-5, -6 and -7 genes are 70% identical to the 
recently discovered Drosopbila 60A gene 18 , whose 
expression pattern suggests that it is involved in mul- 
tiple stages of Drosopbila development BMP-2-7 also 
share strong homology with VgL, an mRNA localized to 
the presumptive endoderm of Xenopus oocytes before 
gastrulation, which has been postulated to be involved 
in mesoderm specification in the frog 1 * In this context, 



the BMP-6 gene is the human homologue of the 
mouse Vgr-1 gene which was, in turn, discovered by 
screening a murine cDNA library with a Xenopus Vgl 
probe 20 . These relationships suggest a role for 
BMP-2-7 in mesoderm specialization among higher 
animals*. 

BMP-2-7 and the activin/inhibins also share con- 
siderable homology. In adult mammals, activin/inhibin 
molecules help regulate erythrocyte differentiation and 
modulate the release of foUide-stimulating hormone 21 . 
Interestingly, activin has been identified as the mesa- 
derm-inducing substance purified from Xenopus XTC 
cell-conditioned medium 22 * 23 , providing another ex- 
ample of mesoderm differentiation activity by hom- 
ologues of the BMPs. Activin mRNAs have recendy 
been localized by in situ hybridization to many sites 
within the developing skeleton 24 . Activin mRNAs 
appear after BMP-2 and -4 mRNAs, suggesting some 
later role in skeleton formation. MUUerian inhibitory 
substance, a more distant relative of the BMPs, is an 
important morphogenetic signal in developing repro- 
ductive systems of mammalian embryos 2 * 

Finally, the BMPs are 30-40% homologous to mem- 
bers of the TGF-p family, which are present in many 
embryonic tissues undergoing secondary induction. 
Most cell types have been shown to possess TGF-p 
receptors, and the growth factor appears to affect an 
ever increasing number of regulatory functions in adult 
organisms 26 . The abundance of TGF-P in bone after 
osteoblast differentiation suggests it may also be an 
important regulator of bone remodeling, possibly 
through its effects on the production of extracellular 
matrix molecules 27 

Unlike the other BMPs characterized to date, BMP-1 
is structurally unrelated to the TGF-P gene superfamily. 
Recendy, it has been shown that the BMP-1 gene is 
the human homologue of the Drosopbila tolloid 
gene 28 . In Drosopbila, this locus is necessary for proper 
dorsoventral patterning, and its positional effects are 
due, in part, to its interaction with DPP, a BMP-2/4 
homologue. By analogy, BMP-1 may have a role in 
embryonic patterning in vertebrates, although its pre- 
cise role in the developing embryonic skeleton 
remains to be determined. 

In summary, a family of BMPs have been discov- 
ered that possess osteoinductive properties in the adult 
animal and are structurally related to a family of gene 
products with diverse roles in the developmental pro- 
grams of many organisms. The evolutionary conser- 
vation of these genes among diverse species provides 
further support for their importance for normal growth 
and development While this review focuses on the rel- 
evance of BMPs to bone induction, their localizations 
during embryogenesis suggest a more fundamental 
role in epithelial-mesenchymal interactions. 



•There has been a recent proposal [see K.M. Lyons et al 
(1991) Trends Genet. 7, 408-4121 that BMP-2-7 should be 
renamed DVR-2-7 (for decqpentaptegic-Vgtebted) to 
emphasize their wider developmental role. To avoid con- 
fusion in this review we have retained the designation 
BMP, since we are specifically discussing the role of these 
proteins in bone development. 
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Are the BMPs osteoinductive signals? 

Recent evidence from many animal 
models of bone repair indicates that 
BMPs are osteoinductive agents in 
adult animals. In addition to the 
ectopic induction of bone observed in 
rats, BMPs have been shown to induce 
new bone formation in surgically pro- 
duced bone defects in the rat femur 2 ? 
sheep femur 30 and dog mandible 51 
(Fig. 4). Moreover, the BMP-induced 
bone formation appears to follow the 
sequence of events observed in embry- 
onic endochondral bone formation. 
Mesenchymal cells are converted into 
chondroblasts. The cartilage is made, 
removed, and subsequently replaced 
with new, functionally mature bone. 
This bone has the proper size and 
shape, and undergoes the normal bone 
remodeling process. These results sug- 
gest that BMPs are osteoinductive 
agents, and their presence in bone 
provides further evidence that they are 
the naturally occurring osteoinductive 
proteins required for bone formation 
in adults. In vitro, BMP-2 appears to 
induce osteoblast differentiation in two 
clonal cell lines isolated from mouse bone marrow and 
calvaria (developing skull), as indicated by increased 
expression of osteocalcin and alkaline phosphatase, as 
well as increased sensitivity to parathyroid hormone - 
all characteristics of the osteoblast phenotype 3233 . 
These observations provide further evidence of the 
osteoinductive properties of BMPs. 

There is also evidence to suggest that the BMPs are 
the osteoinductive signals involved in embryonic skel- 
eton formation. BMP-2, -4 and -6 have been localized 
by in situ hybridization to areas undergoing skeleton 
formation in the embryonic mouse 34 ' 55 . The localizations 
seen are consistent with the involvement of BMP-2 and 
-4 in limb pattern formation and limb osteogenesis. The 
temporal expression of BMP-2 and -4 further suggests 
that they act at the same time as retlnoic acid (RA) and 
possibly other retinoids, during the period of Hox gene 
expression. BMP -6 is expressed in the developing skel- 
eton at later times, and may be an important modulator 
of the final events in skeleton development. Analysis of 
the expression patterns of BMP-3, -5 and -7 is under- 
way and may provide more information on the local 
signals present throughout skeleton development It is 
possible that the observed differences in the location 
and temporal expression of the BMP mRNAs indicate 
that, as a group, these molecules may be cues for the 
sequential morphogenetic processes involved in cre- 
ating the skeleton. 

While there is no direct evidence to show that the 
BMPs are necessary for embryonic bone formation, data 
obtained from cultured embryonic bone cells in vitro 
demonstrate that BMPs affect the growth and differen- 
tiation of these cells. For example, in multipotential 
embryonic cafvarial cells BMP-2 stimulates production 
of alkaline phosphatase, an enzyme associated with 
the osteoblast phenotype, and depresses expression of 
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Measurement of alkaline phosphatase activity in a mesenchymal cell line (MLB 
13MYC) derived" from 13 d.p.c. mouse limb buds. The cells were treated with BMP-2 
(open bars) or BMP-2 and 10" 7 m retinoic add (hatched bars) for 48 hours and 
alkaline phosphatase activity was measured spectrophotometrically by the amount 
of p-nitrophenol produced from p-nitrophenol phosphate. The data presented are 
the mean plus or minus standard error of triplicate samples; note log scale on 
horizontal axis. 



desmin, a gene product associated with muscle pheno- 
type 32 . BMP-2 treatment can also increase alkaline 
phosphatase activity and sensitivity to parathyroid 
hormone in limb bud cells 36 ^, suggesting that BMP-2 
influences the development of osteoprogenitor cells in 
the limb (Fig. 5). 

Although the role of BMPs in embryonic develop- 
ment is unknown, it is interesting to speculate that 
they may be involved in regulation of Hox gene 
expression 38 , perhaps by modulating the regulatory 
effects of RA and its receptors. In support of this 
hypothesis is the observation that BMP-2 induces 
expression of the P form of the RA receptor in F9 
cells 39 . There is also preliminary evidence for inter- 
active effects between BMP-2 and RA in mouse limb 
bud cell lines, where RA modulates BMP-2-induced 
cell differentiation (V. Rosen, unpublished). 

Summary and conclusions 

The BMPs are osteoinductive agents present in adult 
bone. When these proteins are added exogenously to 
both bony and nonbony sites they are potent initiators 
of new bone formation through a process that appears 
very similar to the endochondral bone formation seen 
during embryonic skeletal development. The BMPs 
appear to act on mesenchymal progenitor cells, 
directing their differentiation into both cartilage and 
bone-forming cells. 

BMPs are present in the embryo at sites of skeleton 
formation, and have been shown to regulate both the 
growth and differentiation of embryonic skeletal precur- 
sor cells in vitro. This, coupled with the homology of 
the BMPs to regulatory molecules important for embry- 
onic development, suggests that the BMPs function as 
information molecules during embryonic skeleton for- 
mation. The precise manner in which regulation of 
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mesenchymal stem cells by BMPs might occur is specu- 
lative. One possibility is that BMPs interact with pos- 
itional cues in the embryo to correlate cell differen- 
tiation and pattern formation. In support of this idea, 
BMPs and RA are known to have cooperative or inter- 
dependent effects in vitro. This effect might be direct 
or may involve multiple sets of regulatory molecules. 
The similarities between components of new bone for- 
mation at fracture sites in the adult skeleton and initial 
bone formation in the embryonic skeleton also suggest 
a common mechanism regulated by the same sets of 
control molecules. Additional studies of the effects and 
mechanisms of action of BMPs may increase our 
understanding of bone formation and repair, and the 
complex events underlying these processes. 
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Partially purified extracts from newborn calf articu- 
lar cartilage were found to induce cartilage and bone 
when subcutaneously implanted in rats. This activity 
showed characteristics of bone morphogenetic proteins 
(BMPs). Degenerate oligonucleotide primer sets derived 
from the highly conserved carboxyl-terminal region of 
the BMP family were designed and used in reverse tran- 
scription-polymerase chain reactions with poly(A)* RNA 
from articular cartilage as template to determine which 
BMPs are produced by chondrocytes* Two novel mem- 
bers of the transforming growth factor-0 (TGF-0) super- 
family were identified and designated cartilage-derived 
morphogenetic protein-1 (CDMP-1) and -2 (CDMP-2). 
Their carboxyl-terminal TGF-0 domains are 82% identi- 
cal, thus defining a novel subfamily most closely related 
to BMP-5, BMP-6, and osteogenic protein-1. Northern 
analyses showed that both genes are predominantly ex- 
pressed in cartilaginous tissues. In situ hybridization 
and immunostaining of sections from human embryos 
showed that CDMP-1 was predominantly found at the 
stage of precartilaginous mesenchymal condensation 
and throughout the cartilaginous cores of the develop- 
ing long bones, whereas CDMP-2 expression was re- 
stricted to the hypertrophic chondrocytes of ossifying 
long bone centers. Neither gene was detectable in the 
axial skeleton during human embryonic development. 
The cartilage-specific localization pattern of these novel 
TGF-0 superfamily members, which contrasts with the 
more ubiquitous presence of other BMP family mem- 
bers, suggests a potential role for these proteins in chon- 
drocyte differentiation and growth of long bones. 



The discovery of a family of bone morphogenetic proteins 
(BMPs), 1 which can induce endochondral bone formation in 
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adult animals (1-6), suggested that BMP inductive signals may 
be intimately involved in both the development and regenera- 
tion of the skeleton. The BMPs belong to the TGF-0 superfam- 
ily, whose members are widely represented throughout the ani- 
mal kingdom. This superfamily comprises a large group of 
structurally related signaling proteins that are secreted as 
dimers and then cleaved after an Arg-X-X-Arg site to release 
biologically active carboxyl-terminal domains containing seven 
highly conserved cysteines. These proteins have different roles 
at various stages of embryogenesis and in adult animals (7-9). 
Several BMPs produced as recombinant proteins induce endo- 
chondral bone formation when subcutaneously implanted in 
rats (2, 10, 11). This apparent redundancy of activity suggests 
that the actual physiological roles for the various members of 
the family remain to be determined. 

BMPs may have wide-ranging extraskeletal roles in devel- 
opment, as suggested by the following observations. 1) Local- 
ization studies in both human and mouse tissues have demon- 
strated high levels of mRNA expression and protein synthesis 
for various BMPs in kidney (BMP-3, -4, and -7), lung (BMP-3, 
-4, -5, and -6), small intestine (BMP-3 and -7), heart (BMP-2, -4, 
-6, and -7), limb bud (BMP-2, -4, -5, and -7), and teeth (BMP-3, 
-4, and -7) (12-17). 2) Several members of the family, including 
BMP-4 and -7, are key molecules in epithelia-mesenchyma in- 
teractions, for example during odontogenesis (18, 19). 3) BMP-2 
and -4 are involved in the signaling pathway that controls 
patterning in the developing chick limb (20), and BMP-4 is a 
ventralizing factor in early Xenopus development (21, 22). 4) 
The homologues of the BMPs in Drosophila, the decapentaple- 
gic (dpp) and 60A (23, 24) gene products, have the capacity to 
induce bone in mammals (25), whereas human BMP-4 is able to 
confer the normal embryonic dorso-ventral patterning in Dro- 
sophila transformants defective in expressing dpp (26). 

The defects in skeletal structures caused by mutations and 
deletions of the Bmp5 gene in short ear mice (27) support the 
hypothesis that at least some members of the family are re- 
quired for proper patterning in the vertebrate limb and in other 
skeletal structures. It is surprising that known BMPs, which by 
definition are intimately involved in cartilage and bone forma- 
tion in experimental model systems, are not expressed at sig- 
nificant levels in the chondroblasts and chondrocytes of the 
cartilage core of developing long bones except in the hyper- 
trophic chondrocytes, where both Vgr-1 (BMP-6) (13) and OP-1 
(BMP-7) (16, 17) have been found. In this study, we show that 

CDMP, cartilage-derived morphogenetic protein; RT-PCR, reverse tran- 
scription-polymeraee chain reactions; TGF-0, transforming growth fac- 
tor-^; CHAPS, 3-t(3-cholarnidopropyl)dimethylanunomo]-2-hydroxy-l- 
propanesulfonic acid; kb, kilobase(s); bp, base pair(s). 
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Fig. 1. Partial characterization of articular cartilage-derived chondrogenic activity. 1.2 m guanidine HC1 extracts from articular 
cartilage were partially purified by heparin-Sepharose affinity chromatography, molecular sieve chromatography (S-200 HR), and concanavalin A 
(Con A) affinity chromatography as described under "Materials and Methods.*' Aliquots of concanavalin A-bound and unbound material were 
electrophoresed on 12% SDS-polyacrylamide gels and stained with silver. Preparative SDS-gel electrophoresis and electro-elution of the con- 
canavalin A-bound material was performed, and one-third of the eluates were bioassayed by ethanol precipitation on insoluble collagenous residue 
of rat-demineralized bone matrix as a carrier. The resulting pellets were subcutaneously implanted in Long Evans rats and harvested after 10 days. 
The specimens were then fixed in Bouin's reagent, embedded in plastic, and stained with toluidine blue (bottom). Metachromatic staining of cartilage 
matrix indicates biological activity in the gel-eluted fractions (+). 



extracts of articular cartilage have bone-inductive activity and 
describe two new putative chondrogenic members of the TGF-0 
superfamily, designated cartilage-derived morphogenetic pro- 
tein-1 (CDMP-1) and -2 (CDMP-2), which are preferentially 
expressed in cartilaginous tissues. 

MATERIALS AND METHODS 

Partial Characterization of the Chondrogenic Activity in Cartilage — 
Articular (metatarsophalangeal joints), scapular, and nasal cartilage 
(300 g, wet weight, per tissue) were prepared from newborn calves. 
Epiphyseal cartilage was dissected from fetal bovine femurs (7—8 
months). The tissues were finely minced and homogenized with a Poly- 
tron (top speed, 2 x 30 s) in 20 volumes of 1.2 m guanidine HC1, 0.5% 
CHAPS, 50 urn Tris-HCl, pH 7.2, containing protease inhibitors and 
extracted overnight at 4 °C as previously described (3). These conditions 
extract >90% of the lower molecular weight matrix while leaving most 
of the high molecular weight proteoglycans behind (28). The extracts 
were concentrated and exchanged with 6 m urea by diafiltration using 
an Ultrasette™ (Filtron Technology Inc.) and loaded on a 0.5-liter hep- 
arin-Sepharose (Pharmacia Biotech Inc.) column. Thereafter, the col- 
umn was washed with 5 bed volumes of 6 m urea, Tris-HCl, pH 7.4prith 
6.15 m NaCl and then eluted with 2 volumes of l M^aCl in the same 
buffer (3). Chondrogenic activity was assayed by reconstituting a por- 
tion of the eluate with 25 mg of guanidine-insoluble collagenous residue 
of demineralized rat bone matrix (3). The implants were recov&^d^after 
10 days, and alkaline phosphatase, activity was measured as previously 
described (3). The specific a^tlyity. was expressed as units of alkaline 
phosphatase/mg of protein u$e4;;f6r. reconstitution in the bioassay. Im- 
plants were also examined by' bj^t&iogy. The 1 m NaCl eluate of articular 
cartilage, which contained biological activity, was concentrated by di- 
afiltration and loaded onto a Sephacryl S-200 HR gel filtration column 
(XK 50/100, Pharmacia Biotech Inc.) as previously reported (3). After 



molecular sieve chromatography, the bioactive fractions were pooled 
and exchanged with 50 dim Hepes, pH 7.4, containing 0.15 m NaCl, 10 
mM MgS0 4 1 mM CaCLj, and 0.1% (w/v) CHAPS using Macrosep™ 
concentrators (Filtron Technology Inc., Northborough, MA). The equili- 
brated sample was mixed with 1 ml of concanavalin A-Sepharose (Phar- 
macia Biotech Inc.) previously washed with 20 volumes of the same 
buffer (29). After overnight incubation on an orbital shaker at 4 °C, the 
slurry was packed into a disposable 0.7-cm inner diameter Bio-Rad 
column and washed with 20 volumes of the Hepes buffer to remove 
unbound proteins. Bound proteins were then eluted with 20 volumes of 
the same buffer containing 500 mM methyl-D-mannopyranoside. The 
eluate was concentrated to 200 ul using Macrosep™ concentrators. 
Macromolecules were then precipitated overnight with 9 volumes of 
absolute ethanol at 4 °C. The precipitate was redissolved in 1 ml of 6 m 
urea, Tris-HCl, pH 7.4, and bioassayed for cartilage and bone inducing 
activity by subcutaneous implantation with collagen carrier in rats both 
before and after reduction and alkylation with dithiothreitol and io- 
doacetamide (3). The bioactive bound protein was then mixed with 2 x 
Laemmli sample buffer (30) without reducing agents and electrophore- 
sed on a 12% preparative SDS-polyacrylamide gel. Gel elution of the 
separated protein fractions was performed as previously described (3), 
and the gel-eluted fractions were tested for biological activity. 

RT-PCR Using Degenerate Oligonucleotide Primers— Tfctal RNA from 
bovine articular chondrocytes was extracted using a modified acid gua- 
mdine-phenol-chloroform method (31, 32). Poly(A) + RNA was isolated 
using magnetic beads (Poly(A)Tract™, Promega, Madison, WI). Four de- 
generate oligonucleotide primers corresponding to highly conserved mo- 
tifs in the carboxyl-terminal region of the BMPs were used: SI, 5'-GGI- 
T(XMC/A)AI-GA(C/TV^ 

corresponding to amino acids GW(Q/N)DWI(I/V)AP; S2, 6'-GGI-TGG- 
(A/T)(G/CXI)^A(GA>-TGG-AT(T^ cor- 
responding to amino acids GWSEWHSP; ASl, 5'-A(A/GMA/G)GT-(C/ 
T)TG-<A/C/G/r)AC^A/G)AT^ correspond- 
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TCAAGAACGA GTTATTTTCA GCTGCtgaCT GGAGACGGTG CACGTCTGGA TACGAGAGCA TTTCCACTAT GGGACTGGAT ACAAACACAC ACCCGGCAGA CTTCAAGAGT TTCAGACTGA 
GGAGAAAACC TTTCCCTTCT GCTGCTACTG CTGCTGCCGC TGCTTTTGAA AGTCCACTTC CTTTCATGGT TTTTCCTGCC AAACCAGAGG OlCCTTCGCT GCTGCCGCTG TTCTCTTTGG 

TGTCATTCAG CGGCTGGCCA GAQGATGAGA CTCCCCAAAC TCCTCACTTT CTTGCTTTGG TACCTGGCTT GGCTGGACCT GGAATTCATC TGCACTGTGT TGGGTCCCCC TGACTTGGGC 

M R LPKL LTF LLW YLAW LDL EFI CTVL GAP DLG 32 



CAGAGAOCCC AGGGGTCCAG GCCAGGATTG GCCAAAGCAG AGGCCAAGGA GAGGCOCCCC CTGGCCCGGA AOGTCTTCAG GCCAOGGGGT CACAGCTATG GTGGOGGGGC CACCAATGCC 
QRPQ GSR PGL AKAE AKE RPP L ARN VFR PGG HSYG G G A T N A 72 

AATGCCAGGG CAAAGGGAGG CACCGGGCAG ACAGGAGGCC TGACACAGCC CAAGAAGGAT GAACCCAAAA AGCTGCCCCC CAGACCGGGC GGCCCTGAAC CCAAGCCAGG ACACCCTCCC 
NARA KGG T G Q TGGL TQP KKD EP KK LPP RPG GPEP KPG HPP 112 
CAAACAAGGC AGGCTACAGC CCGGACTGTG ACCCCAAAAG GACAGCTTCC CGGAGGCAAG GCACCCCCAA AAGCAGGATC TGTCCCCAGC TCCTTCCTGC TGAAGAAGGC CAGGGAGCCC 
QTRQ ATA RTV TPKG QLP GGK APPK AGS VPS SFLL K K A REP 152 
GGGCCCCCAC GAGAGCCCAA GGAGCCGTTT CGCCCACCCC CCATCACACC CCACGAGTAC ATGCTCTCGC TGTACAGGAC GCTGTCCGAT GCTGACAGAA AGGGAGGCAA CAGCAGCGTG 
GPPR EPK EPF RPPP ITP HEY MLSL YRT LSD ADRK GGN SSV 192 

AAGTTGGAGG CTGGCCTGGC CAACACCATC ACCAGCTTTA TTGACAAAGG GCAAGATGAC CGAGGTCCCG TQGTCAGGAA GCAGAGGTAC GTGTTTGACA TTAGTGCCCT GGAGAAGGAT 
KLEA GLA NTI TSFI DKG QDD RGPV VRK QRY VFDI SAL EKD 232 
GGGCTGCTGG GGGCCGAGCT GCGGATCTTG CGGAAGAAGC CCTCGGACAC GGCCAAGCCA GCGGTCOCCC GGAGCCGGCG GGCTGCCCAG CTGAAGCTGT CCAGCTGCCC CAGCGGCCGG 
GLLG AEL RIL RKKP SDT AKP AVPR SRR A A Q LKLS SCP S GR 272 
CAGCCGGCCG CCTTGCTGGA TGTGCGCTCC GTGCCAGGCC TGGACGGATC TGGCTGGGAG GTGTTOGACA TCTGGAAGCT CTTCCGAAAC TTTAAGAACT CGGCCCAGCT GTGCCTGGAG 
QPAA LL D VRS VPGL DGS GWE VFDI WKL FRN FKNS AQL CLE 312 
CTGGAGGCCT GGGAACGGGG CAGGACCGTG GACCTCCGTC GCCTGGGCTT CGACOGCGCC GCCCGGCAGG TCCACGAGAA GGCCCTGTTC CTGGTGTTTG GCCGCACCAA GAAACGGGAC 
LEAW ERG RTV DLRG LGF DRA ARQV HEK ALF LVFG RTK KRD 352 

CTGTTCTTTA ATGAGATTAA GGCCCGCTCT GGCCAGGACG ATAAGACCGT GTATGAGTAC CTGTTCAGCC AGCG GCGAAA ACGGCGG GCC CCATCGGCCA CTCGCCAGGG CAAGCGACCC 
LFFN EIK A RS GQDD KTV YEY LFSQ R |R K R D a P S A T R Q G K R P 392 

AGCAAGAACC TTAAGGCTCG CTGCAGTCGG AAGGCACTGC ATGTCAACTT CAAGGACATG GGCTGGGACG ACTGGATCAT CGCACCCCTT GAGTACGAGG CTTTCCACTG CGAGQGGCTG 
SKNL KAR C SR KALH VNF RDM G. J?_2_Ji_ iL-i—U-^—S-Ji-. JJ_£-^L.£L Ji 432 

TGCGAGTTCC CATTGCGCTC CCACCTGGAG CCCACGAATC ATGCAGTCAT CCAGACOCTG ATGAACTCCA TGGACCCCGA GTCCACACCA CCCACCTGCT GTGTGCCCAC GCGGCTGAGT 

f-J—C L_Ij-.£_ s _ J£-£ m £.->&.v t -,L m ^- m 'L>± mnsm dpe stp ptcc vpt r l s 472 

CCCATCAGCA TCCTCTTCAT TGACTCTGCC AACAACGTGG TGTATAAGCA GTATGAGGAC ATGGTCGTGG AGTCGTGTGG CTGCAGGTAG CAGCACTGGC CCTCTGTCTT CCTGGGTGGC 
PISI LFI DSA NNVV YK.Q YED MVVE SCG CR. 501 

ACATCCCAAG AGCCCCTTCC TGCACTCCTG GAATCACAGA GGGGTCAGGA AGCTGTGGCA GGAGCATCTA CACAGCTTGG TGAAGGGATT CAATAAGCTT GCTOGCTCTC TGAGTGTGAC 

TTGGGCTAAA GGCCCCCTTT TATCCACAAG TTCCCCTGGC TGAGGATTGC TGCCCGTCTG CTGATGTGAC CAGTGGCAGG CACAGGTOCA GGGAGACAGA CTCTGAATGG GACTGAGTCC 

CAGGAAACAG TGCTTTCCGA TGAGACTCAG CCCACCA1TT CTCCTCACCT GGGCCTTCTC AGCCTCTGGA CTCTCCTAAG CACCTCTCAG GAGAGCCACA GGTGCCACTG CCTCCTCAAA 

^CATTTGT GCCTGGTGAC TTCCTGTCCC TGGGACAGTT GAGAAGCTGA CTGGGCAAGA GTGGGAGAGA AGAQGAGAGG GCTTGGATAG AGTTGAGGAG TGTGAGGCTG TTAGACTGTT 
AGATTTAAAT GTATATTGAT GAGATAAAAA GCAAAACTGT GCCTAAAAAA AAAAAAAAAA A 

Fig. 2. Nucleotide and amino acid sequence of the full-length human CDMP-1 cDNA* The predicted CDMP-1 product contains 500 amino 
acids with a putative proteolytic processing site (RXXR/A, box) preceding a 120-amino acid mature carboxyl-terminal region. A single iV-linked 
glycosylation site is located in the pro-region (asterisk). The putative signal peptide (42) is underlined in 6o/d. A termination codon (TGA) is shown 
in the 5 '-untranslated region. The bold dashed underline indicates the fragment obtained by RT-PCR and used to screen cDNA libraries.. The 
13 -amino acid peptide used to raise a polyclonal antibody in rabbits is underlined. A vertical arrowhead marks the boundary between sequence 
obtained from genomic DNA and cDNA 

CGAGOGTCCG COGAGCTGGG CTCCGCCAAG GGAATGCGAA OGCGCAAGGA AGGAAGGATG COGOGGGCGC CGAGAGAGAA TGOCACGGOC CGGGAGCOCC TGGATCGCCA GGAGCCCCCG 120 
R.A SA ELG SAK GMRT RKE G R M PRAP REH ATA R E P L D R Q E P P 
COGAGGOOGC AGGAGGAGCC CCAGCGGCGG CCGCCACAGC AGCCTGAAGC TCGGGAGGCT COCGGCAGGG GOCCGCGCTT GGTGOOOCAC GAGTACATGC TGTCAATCTA GAGGACTTAC 240 
PRPQ EB P Q/RR PPQQ PEA REP PGRG PRL V P H EYML S I Y RTY 
TOCATCGOCG AGAAGCTGGG CATCAATGCT AGCPTTTTGC AGTCPTCCAA GTCGGCTAAT AOGATCACTA GCTTTGTAGA CAGGGGACTA GAOGATCTCT CGCACACTOC TCTOCGGAGA 360 
S I A E K L G I HAS FFQ SSK SAN TITS FVD RGL DDLS HTP LRR 
CAGAAGTATT TGTTTGATGT GTOCAOGCTC TGAGACAAAG AAGAGCTGGT GGGOGCGGAC GTGOGGCTGT TTCGOCAGGC GOCCGCTGCC CTGGCGGCGC OGGCGGOCGC TOCGCTTGCA 480 
QKYL FDV S.TL SDKE ELV GAD VRLF RQA PA A . L, A P P AAA P L A 
GCTCTTCGCC TGCCAGTOGC CCCTGCTGCT GGAAGOGOGG AGCCTGGACC OGCAGGGGOG COGCGGOCCG GCTGGGAAGT CTTCGACGTG TGGOGGGGOC TGOGCOCCCA GCCCTGGAAG 600 
ALRL PVA PAA GSAE PGP A G A P. RP G WE V FD V. W ,,R G L R P Q P W K 
CAGCTGTGGT TGGAGCTTCG GGOCGOGTGG GGOGGOGAGC OGGGCGCGGC GGAGGAOGAG GOGOGCACGC C TGGGCCO CA GCAGOCGOCG CCOCCGGACC TGOGGAGTCT GGGCTTOGGC 720 
QLCL ELR A A W GGEP G A A EDE ARTP GPQ QP.P PPDL RSL GFG 
CGGAGGGTGC GgACCCCCCA GGAGCGCGCC TTGCTOGTCG TGTTCTCCAG GTCOCAGOGC AAGACCCTGT TOGCOGAGAT GOGCGAGCAG CTGGGCTCGG CGACOGAGGT GGTOGGOCOC 840 
RRVR TPQ BRA LLVV FSR SQR KTLF AEM RBQ LGSA TBV VGP' 
GGTGOTGGGG CCGAGGGGTC GGGGGGGOCG CCGOCGCCGC GGCOGGCGOC GCCGTOGGGC AOCOCGGACG CTGGGCTCTG GTCGOCCTOG CCTGG OCGGC GGOGGCG CAC GGCCTTCGOC 960 
G.GGA BGS GPP P PPP PP P PSG TPDA GLW SPS PG ft R R "3 T A F A 
AGCCGCCACG GGAAGCGGCA CGGCAAGAAG TCGAGGCTGC GCTGCAGCAA GAAGOOCCTG CACGTGAACT TGAAGGAGCT GGGCTGGGAC GACTGGATTA TCGCGCCCCT GGAGTACGAG 1080 
SRHG KRH GKK SR LR CS K KPL H VKF K EL G_ W_ D_ _D_ H_ I_ I_ A_ P^ L E Y E 
GOCTACCACT GOGAGGGCGT GTGCGACTTC CCGCTACGCT CGCAOCTGGA GOCGACCAAC CACGCCATCA TCCAGACGCT GATGAACTCC ATGGAOCOCG GCTCCACCOC GOCCAGCTGc' 1200 

iLl_fi_<3_ J5_S_y_.C_ JL £__L J*, _B. .E_ _L JL JL -3-4.0.0.-2 JL Jul m n s mdpg stp psc 

TGCGTGCCCA CCAAATTGAC TCOCATCAGC ATCTTGTACA TCGACGCGGG CAATAATGTG GTCTACAACG AGTACGAGGA GATGGTGGTG GAGTCGTGOG GCTGCAGG 1308 
CVPT KLT PIS ILY.I DAG N. N V VYNE YEB MVV ESCG CR 

Fig. 3. Nucleotide and amino acid sequence of bovine CDMP-2. The open reading frame contains a putative proteolytic processing site 
(RXXR, boxed) preceding a 120-amino acid mature carboxyl-terminal region, containing seven highly conserved cysteines. The 5 '-end with first 
methionine and signal peptide are missing. The product obtained by RT-PCR (bold dashed underline) was used to screen a bovine cDNA articular 
cartilage library. The Apal sites used to release a cDNA fragment for hybridization experiments are underlined. 



ing to amino acids NHAIVQTL; AS2, 5'-CA-I(C/G)C-(A/G)CA-I(G/CXA/ 
(yD-KC/rKC/GyD-IAC-IACC/r^CAT-a' corresponding to amino acids 
M(V/I)V(E/R)(G/S/A)C(G/AKJ. Nucleotides in parenthesis denote sites of 
degeneracy, and I denotes inosine. First strand cDNA synthesis was per- 
formed using 1 ug of Poly(A) + or 5 ug total RNA with oligo(dT), random 
hexanucleotide primers, or the antisense degenerate primers, AS1 and 
AS2. The PCR amplifications with the degenerate sense primers, SI and 
S2, were performed using conditions previously described (24). The re- 
action products were electrophoresed on 1.2% agarose gels, and DNA 



fragments of appropriate sizes were excised and purified using the Magic 
PCR Prep DNA purification system (Promega). Reamplification was per- 
formed with the same primers, and each PCR product was subcloned into 
the PCR II vector using the TA Cloning™ system (Invitrogen). 

Library Screening— A 120-bp PCR fragment encoding part of the 
carboxyl-terminal domain of novel BMP-like genes (Fig. 2, dashed line) 
was used to screen two cDNA libraries. One library, from adolescent 
human articular cartilage poly(A) + RNA (kindly provided by Dr. Bjdrn 
Olsen, Harvard, Boston, MA), was primed with oligo(dT) and con- 
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Fig. 4. Sequence alignments of the carboxyl-terminal do- 
mains. The amino acid sequence of CDMP-1 and CDMP-2 (bold, 
shaded) are aligned with the most closely related TGF-0 superfamily 
members. The completely conserved residues are boxed. Dashes indi- 
cate gaps introduced for alignment. 

structed in the Agtll vector. The other was a bovine oligo(dT) and 
random-primed articular cartilage cDNA library constructed in the 
UNIZAP™XR vector (Stratagene). Approximately 1 x 10 6 plaques from 
each library were screened by standard procedures (33). Hybridizations 
were performed for 20 h at 42 °C in 6 x SSC, 1 x Denhardt's solution, 
0.01% tRNA, 0.05% sodium pyrophosphate, and the membranes 
(137-mm nylon membranes, DuPont NEN) were washed to final strin- 
gency of 6 x SSC, 0.1% SDS at 55 °C for 20 min. 

The majority of the open reading frame and the 3 '-untranslated 
region of CDMP-1 was derived from cDNA clones originally isolated 
from the human articular cartilage library. The 5 '-end, which was lack- 
ing in the original cDNA clones, was subsequently obtained from a 
human genomic library in the EMBL-3 vector (Clontech). The same 
screening conditions were also used to isolate a 2.8-kb CDMP-2 cDNA 
clone from the bovine articular cartilage library. 

DNA Sequencing — All sequencing was done by dideoxy DNA se- 
quencing (34) of both strands using Sequenase version 2.0 DNA polym- 
erase according to the manufacturer's instructions (U. S. Biochemicals) 
with at least 2-fold redundancy. Confirmatory data in ambiguous re- 
gions were obtained by automated thermal cycle sequencing with an 
Applied Biosystems model 370A sequencer and by using 7-deaza-GTP 
(U. S. Biochemicals). The sequencing data were obtained from restric- 
tion fragments subcloned into pBluescript using either M13 forward 
and reverse primers or synthetic oligonucleotide primers. 

Northern and Southern Hybridization — For Northern blot analyses, 
equal amounts of poly(A) + RNA (2 ug) were electrophoresed on 1.2% 
agarose-formaldehyde gels and transferred to Nytran membranes 
(Schleicher & Schuell) (33). Multiple tissue Northern blots were ob- 
tained from Clontech. The membranes were prehybridized for 3 h at 
42 °C in hybridization buffer (5 x SSPE, 5 x Denhardt's solution, 50% 
formamide, 1% SDS, and 100 ug/ml freshly denatured salmon sperm 
DNA). Hybridizations with [^JdCTP-labeled probes, having specific 
activities of at least 1 x 10° cpm/ug, were performed overnight under the 
same conditions as the prehybridization. Probes included the cDNA 
probe for human glyceraldehyde-3-phosphate dehydrogenase (1.1 kb) 
(Clontech), an Apal fragment (bp 470-1155) of CDMP-1, and an Apal 
fragment (bp 194r-677) of CDMP-2. The CDMP-1 and CDMP-2 probes 
were chosen to avoid the highly conserved carboxyl-terminal domain, 
thereby minimizing the potential for cross hybridization with other 
members of the gene family. Following hybridization, the filters were 
washed to a final stringency of 55 °C, 0.4 x SSC, 0.1% SDS. The ex- 
pression levels were quantified using a Phosphorimager (Molecular 
Dynamics). 

Southern hybridization was performed using the evolutionary relat- 
edness blot (Bios Laboratories, New Haven, CT) under the conditions 




Fig. 5. Southern blot analysis of evolutionary relatedness. 

Southern hybridization was performed using an Apal cDNA fragment 
(0.685 kb) of the pro-region of CDMP-1. A panel of £coRI-restricted 
genomic DNAs was used; from left to right, fish (T. onitis), mussel (M. 
edulis), lobster (H americanus), frog (X laevis), chicken (G. domesti- 
cus\ mouse (M. musculus), and human (H. sapiens). Size markers (in 
kb) are indicated on the left. 
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Fig. 6. Genetic maps of chromosome 2 showing the location of 
Cdmpl. The map on the right is based on the data from two separate 
crosses. Recombination fractions are given to the right of each map for 
each adjacent locus pair or cluster. Numbers in parentheses represent 
the percent recombination and standard error calculated according to 
Green (43). The map on the left is an abbreviated version of the chro- 
mosome 2 committee map (48) and shows the map location of brachy- 
podism (bp) relative to the other markers typed in the crosses used 
here. 

recommended by the manufacturer. The panel of ifcoRI-digested 
genomic DNAs included human (Homo sapiens), mouse (Mus muscu- 
lus), chicken (Gallus domesticus), frog (Xenopus laevis), lobster (Homa- 
rus americanus), mussel (Mytilus edulis), fish (Tbutoga onitis), fruit fly 
(Drosophila melanogaster), nematode (Caenorhabditis elegans), yeast 
(Saccharomyces cerevisiae), and bacteria (Escherichia coli). The 2.1-kb 
CDMP-1 EcoRI fragment originally obtained from the cDN A library was 
used as a probe, and the blot was washed to a final stringency of 0.4 x 
SSC, 0.1% SDS at 55 °C. 

Genetic Mapping— The Apal fragment (see above) of CDMP-1 was 
used as a hybridization probe on Southern blots to type DNAs from two 
genetic crosses: (NFS/N or C58/J x M. musculus musculus) x M. mus- 
cuius musculus (35) and (NFS/N x Mus spretus) x M. spretus or C58/J 
(36). DNAs from these crosses have been typed for over 650 markers 
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including the chromosome 2 markers Snap (synaptosomal associated 
protein 25), Psp (parotid secretory protein), EmvlB (ecotropic murine 
leukemia virus 15), Src (src oncogene), and Cd40 (cluster designation 
40). Probes for these markers and restriction fragment length polymor- 
phisms used to type these crosses have been previously described (35, 
37). Src was typed using a mouse Src probe obtained from £. Rassart 
(University of Quebec, Montreal) following Xbal digestion in the mus- 
culus cross and BarnHL digestion in the spretus cross. 

In Situ Hybridization — Tissues from human embryos obtained after 
pregnancy termination ranged from 5 to 14 weeks of gestation, esti- 
mated in weeks on the basis of crown-rump length and pregnancy 
records of the conceptual age. They were fixed in 4% paraformaldehyde 
in 0.1 m phosphate buffer (pH 7.2), embedded in paraffin, sectioned 
serially at 5-7 urn, and mounted on silanated slides. The tissues used in 
the present study were obtained from legally sanctioned procedures 
performed at the University of Zagreb Medical School. The procedure 
for obtaining the human autopsy material was approved and controlled 
by the Internal Review Board of the Ethical Committee at the School of 
Medicine, University of Zagreb, and Office of Human Subjects Research 
at the National Institutes of Health (Bethesda, MD). In situ hybridiza- 
tion was done as previously described (15, 38). Briefly, sections were 
incubated overnight at 50 °C in a humidified chamber in 50% formam- 
ide, 10% dextran sulfate, 4 x SSC, 10 nui dithiothreitol, 1 x Denhardt's 
solution, 500 ug/ml freshly denatured salmon sperm DNA, and yeast 
tRNA with 0.2-O.4 ng/ml 86 S-labeled riboprobe (1 x 10 9 cpm/ug). Apal 
fragments of CDMP-1 and CDMP-2 (described above) from the pro- 
region, subcloned in both sense and antisense direction into pBluescript 
II SR(+) vector (Stratagene), were used as transcription templates. 
Riboprobes were then prepared using T7 RNA polymerase (Sure Site 
kit, Novagen, Madison, WI) according to the manufacturer's instruc- 
tions and used with and without prior alkaline hydrolysis. After hybrid- 
ization, the sections were washed as described (13) to a final stringency 
of 0.1 x SSC, 65 °C for 2 x 15 min. After dehydration through a graded 
ethanol series containing 0.3 m ammonium acetate, slides were covered 
with NTB-2 emulsion (Kodak) and exposed between 1 and 3 weeks. 
After development, the slides were stained with 0.1% toluidine blue, 
dehydrated, cleared with xylene, and mounted with Permount. 

Immunostaining — A polyclonal antibody to the peptide QGKRPSKN- 
LKARC (amino acids 388-400, prepared by Peptide Technologies, 
Gaithersburg, MD), which belongs to the mature secreted protein of 
CDMP-1, was raised in rabbits. Before immunization, the peptide was 
conjugated to Imject® maleimide-activated keyhole limpet hemocyanin 
(Pierce). Searches performed using the BLAST (39) network service 
(available through the National Center for Biotechnology Information) 
indicated that the peptide does not show sequence identity with any 
known protein or BMP. The embryonic tissue sections were stained as 
recommended by the manufacturer using immunogold as a detection 
system (Auroprobe LM, Janssen, Belgium) and counterstained with 
0.1% toluidine blue. The primary antibody (crude antiserum) was used 
at a concentration of 15 ug/ml in phosphate-buffered saline with 0.5% 
bovine serum albumin for 1 h. In the controls, the primary antibody was 
replaced with bovine serum albumin, normal rabbit serum, or second- 
ary antibody alone. 

RESULTS 

Partial Characterization of Cartilage-derived Chondrogenic 
Activity — Each of the crude extracts of the different cartilagi- 
nous tissues (articular, nasal, scapular, or epiphyseal) were 
inactive when tested directly in the in vivo cartilage and bone- 
inducing assay. However, after heparin affinity chromatogra- 
phy (40), chondrogenic activity was recovered in the 1 m NaCl 
eluate from both articular and epiphyseal cartilage extracts 
(data not shown). No activity was detected in the extracts of the 
other cartilaginous tissues. The specific activity for articular 
cartilage was the highest (1 unit of alkaline phosphatase/mg 
protein), and this material was used for characterization of the 
activity. Further purification of the active fraction by molecular 
sieve chromatography on Sephacryl S-200 HR (specific activity, 
112 units/mg) and affinity chromatography on concanavalin A 
(specific activity, 480 units/mg) established the presence of car- 
tilage and bone-inducing activity characteristic of the members 
of the BMP family (Fig. 1). Gel elution experiments with the 
concanavalin A-bound bioactive fraction demonstrated that the 
activity resided between 34 and 38 kDa (Fig. 1; the specific 
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Fig. 7. Multiple tissue Northern blot analysis of CDMP-1 and 
CDMP-2. Equal amounts of poly(A + ) RNA (2 ug) were loaded into each 
lane of 1.2% agarose-formaldehyde gels. Hybridization was performed 
with specific Apal fragments of the pro-regions. Size markers are indi- 
cated on the left. Hybridization with the reference probe glyceralde- 
hyde-3-phosphate dehydrogenase (GAPDH) to check for consistent 
loading is shown at the bottom. Exposure times to Kodak XAR-5 films 
are indicated in minutes, hours, or days. 

activity of the gel-eluted fractions was 2143 units/mg). In ad- 
dition, the loss of activity following reduction and alkylation 
(data not shown) suggested that the bioactivity was induced by 
either a known or a new member(s) of the BMP family. 

Cloning of New Cartilage-derived Morphogenetic Proteins — 
Following RT-PCR with poly(A) + RNA from newborn bovine 
articular cartilage as template and sets of degenerate oligonu- 
cleotide primers (SI/AS 1 and S1/AS2), amplification products 
of 120 and 280 bp were obtained (data not shown). Subcloning 
and sequencing showed that these products encoded BMP-2, 
BMP-6, BMP-7 (OP-1), and several other BMP-like sequences. 
Cloned inserts with novel BMP-like sequences were isolated, 
radiolabeled, and used to screen both a human and a bovine 
articular cartilage cDNA library. Six clones were isolated from 
the human cDNA library, and the sizes of the EcoBI inserts (2.1 
kb) and their restriction maps were found to be identical. One 
of the clones was sequenced. An open reading frame encoding a 
BMP-related protein, designated GDMP-1, was identified. It 
appeared that the human cDNA clone lacked the coding region 
for the first methionine and signal peptide. This 5'-end of the 
human CDMP-1 was subsequently obtained from a human 
genomic clone as described under "Materials and Methods" and 
contained a consensus translation initiation sequence (41) im- 
mediately followed by a putative transmembrane signal se- 
quence (42). The entire open reading frame of CDMP-1 (Fig. 2) 
contains 500 amino acids consisting of a pro-region of 376 
amino acids, a typical cleavage site (RXXR/A), and a carboxyl- 
terminal domain of 120 amino acids containing the seven 
highly conserved cysteines characteristic of the TGF-/3 gene 
family 

Two clones with inserts of 2.8 kb were isolated from a bovine 
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Fig. 8. CDMP-1 is preferentially localized in postnatal cartilage and the cartilaginous cores of long bones in human development. 
Bright (A) and corresponding dark field images of 6-week-old human embryonic hind limb sections hybridized with the CDMP-1 sense (B) and 
antisense (C) riboprobe. Expression is localized in the precartilaginous mesenchymal condensation, indicated by arrows. D, bright field image of 
a section from a digit of a 10-week-old embryo hybridized with the same sense (E) and antisense (F) riboprobe. G and H, higher magnifications 
of corresponding dark fields as indicated by * and CI, respectively, in D. Corresponding bright field images of 9-week long bone sections incubated 
with pre-immune (/) and CDMP-1 (J) antipeptide polyclonal antiserum. Sections A, E-G, and H were stained with 0.1% toluidine blue, B and C 
are unstained, and D, /, and J were stained with 0.2% light green. Bar indicates 120 um in A-D and F, 200 urn in E, 50 um in G, and 25 um in 
H-J. 



articular cartilage cDNA library. Both clones were sequenced, 
and the open reading frame was found to encode another novel 
TGF-0-related protein, designated CDMP-2 (Pig. 3). At the 5'- 
end, the pro-region lacked the first methionine and signal pep- 
tide. The mature carboxyl-terminal domain of 120 amino acids 
showed 82% identity with CDMP-1 (Fig. 4). Alignment of the 
carboxyl-terminal domains of CDMP-1 and CDMP-2 with other 
members of the BMP family revealed an amino acid identity of 
about 50% with BMP-5, BMP-6, and OP-1 (BMP-7) (Fig. 4). 
These results suggest that CDMP-1 and CDMP-2 are members 
of a new subfamily. 

Genetic Mapping of CDMP-1 — Southern analyses in evolu- 
tionary relatedness blots, using the original 2.1-kb human 
CDMP-1 cDNA probe (starting from amino acid 40, see Fig. 2), 
showed 5.9- and 2.6-kb bands in humans (Fig. 5) and strong 
hybridization in both mouse and chicken. Fainter bands were 



seen in fish, frog, and lobster after 5 days of autoradiographic 
exposure. Sequences amplified from X. laevis and Danio rerio 
in the conserved carboxyl-terminal domain showed 95% iden- 
tity to this gene, confinning the high degree of conservation 
throughout the vertebrates. 2 No hybridization was detected to 
Drosophila DNA (data not shown). Southern blot hybridization 
with the same 2.1-kb cDNAas described above was used to map 
the gene in the mouse. This probe identified EcoKL fragments of 
7.1 and 2.0 kb in Af. spretus and Af. musculus musculus and 6.8 
and 3.2 kb in NFS/N and C58/J. 

Inheritance of the polymorphic fragments in the progeny of 
the two crosses used for mapping was compared with inherit- 
ance of over 650 markers previously mapped to all 19 auto- 
somes and the X chromosome. As shown in Fig. 6, the gene 

3 L. Kleinwaks, M. Krinks, and M. Moos, unpublished observations. 
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encoding CDMP-1 was linked to markers on chromosome 2 just 
proximal to Src. The closest linkage was observed with Psp and 
Emvl5. No recombination was observed between Cdmpl and 
Psp in the 100 mice typed for both markers, indicating that 
these genes are within 3.0 centimorgans at the 95% confidence 
level (43). Similarly, the absence of recombination between 
GdfS (44) and Cdmpl in 125 mice suggests that these genes 
colocalize within 2.4 centimorgans. This map location sug- 
gested close proximity to the brachypodism locus (Fig. 6). 

CDMPs Are Predominantly Expressed in Cartilage in Post- 
natal Life — Northern analyses of a number of postnatal tissues 
indicated that CDMP-1 could only be detected in newborn ar- 
ticular and cricoid cartilage. In both cases, a single mKNA 
transcript of approximately 3 kb (Pig. 7) was observed. In con- 
trast, BMP-3 and BMP-7 cDNAs were detected in subsequent 
hybridizations with the same blots in mRNA of lung, kidney, 
brain, and small intestine (results not shown) consistent with 
previous results (15, 17). CDMP-2 mRNA was present in post- 
natal bovine articular and cricoid cartilage as a 4.6-kb band. 
After prolonged exposure, some hybridization at 4.6 and 4.0 kb 
could be detected in mRNA from colon and small intestine (data 
not shown), skeletal muscle, and placenta (Fig. 7). 

CDMPs Are Preferentially Expressed in the Cartilaginous 
Cores of Long Bones during Human Embryogenesis — The dis- 
tributions of CDMP-1 and CDMP-2 transcripts in developing 
limbs were examined in serial sections from fetal tissue repre- 
senting different stages of early human development. At 6 
weeks of gestation, CDMP-1 transcripts were found in pre- 
cartilage condensations within the developing limbs (Fig. 8, 
A-CX At 7.5-8.5 weeks of gestation, CDMP-1 mRNA expression 
was found in the cartilaginous cores of long bones, including 
the articular surfaces (Fig. 8, D-G). In areas of active cartilage 
degradation and bone matrix formation, CDMP-1 expression 
was also detected in hypertrophic chondrocytes (Fig. 8H). Re- 
markably, no expression was detected in the axial skeleton, and 
only low mRNA levels were seen in other tissues, such as distal 
convoluted tubules of the developing kidney, brain, and pla- 
centa (data not shown). Immunohistochemical staining indi- 
cated that CDMP-1 protein colocalized with the mRNA (Fig. 8, 
/ and J). However, in addition to the sites of transcription, the 
protein was also found in the surrounding cartilaginous matrix 
and in osteoblast-like cells from the primary ossification cen- 
ters of long bones (Fig. 8J). 

Between 9 and 10 weeks of gestation, CDMPt2 expression 
was predominantly localized in the more mature and hyper- 
trophic chondrocytes in regions of invasion by blood vessels 
through the periosteal bony collar of the developing long bone 
(Fig. 9). Again, as for CDMP-1, no hybridization was detected in 
the vertebral bodies in the corresponding sections and stages of 
human embryonic development (data not shown). Low expres- 
sion levels were detected in the periosteum (Fig. 9). 

DISCUSSION 

In this study, we demonstrate that newborn articular carti- 
lage contains chondrogenic and osteogenic activity when as- 
sayed in the in vivo subcutaneous implantation model. Using a 
procedure adapted from that used for the isolation of BMPs 
from demineralized bone matrix, we partially purified this ac- 
tivity and thereby provided evidence for the presence of BMP- 
like molecules in cartilage. With degenerate primers designed 
from conserved regions of known BMPs, we amplified reverse- 
transcribed mRNA from articular cartilage to identify two 
novel genes, CDMP-1 and CDMP-2. Both belong to the TGF-0 
superfamily and are most closely related to BMP-5, BMP-6, and 
BMP-7 (OP-1). Based on the high percentage identity of their 
carboxyl-terminal domains, they can be classified as members 
of a novel subfamily. Although CDMP-1 and CDMP-2 were 




Fig. 9. CDMP-2 is predominantly localized in hypertrophic 
chondrocytes of the developing long bones. Bright field (A and D) 
and dark field images of sections through the ossification center of long 
bones (digits of the foot) in human embryonic development (10 weeks) 
using an antisense (B and E) and sense (C and F) CDMP-2 riboprobe. 
E is the enlarged area of the boxed zone in 23. 1) and F are enlarged areas 
of equivalent zones in A and C, respectively. Bar indicates 500 urn in A, 
200 um in B and C, and 25 um in D-F. VI, zone of vascular invasion; HC, 
hypertrophic chondrocytes. 

identified in two different species (human and bovine), they are 
two distinct genes since the sequences of their pro-regions are 
significantly divergent (Figs. 2 and 4), as are their expression 
patterns (Pigs. 7 and 8). In contrast to the other members of the 
BMP family, expression of CDMP-1 and CDMP-2 was predomi- 
nant in cartilaginous tissues both pre- and postnatally. Such 
tissue specificity suggests their intimate involvement with 
skeletal development and growth. If this is correct, mutations 
of these genes could result in disturbed limb development. 
Chromosomal mapping of CDMP-1 in mouse indicated a pos- 
sible link to brachypodism (bp mice). This disorder is charac- 
terized by a distinct shortening of the limbs without other 
tissue abnormalities. The defect has previously been attributed 
to lack of production of a chondrogenic signal by mesenchymal 
cells at the time of chondrogenesis (45). During the course of 
our investigation, an independent study (44) described the iso- 
lation of the mouse equivalent of CDMP-1, called GDF-5, and 
established its linkage to the brachypodism mutation. The 
types of mutations observed in brachypodism mice were found 
to be effective null mutations for the gene encoding GDF-5/ 
CDMP-1 (44). The pattern of expression of CDMP-1 throughout 
the cartilaginous core observed during human embryonic long 
bone development, coupled with the brachypodism mutation in 
mice (44), indicates that its primary physiological role is most 
likely at the stage of early chondrogenesis and chondrocyte 
differentiation in the developing limb. 

The expression pattern of CDMP-2, most probably the bovine 
homologue of the mouse GDF-6 (44), suggests that it is involved 
in the terminal differentiation of chondrocytes (hypertrophic 
and mineralizing) and at the earliest stages of endochondral 
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bone formation, including angiogenesis and osteoblast differ- 
entiation. In addition, the relatively high levels of expression 
(detectable in total RNA blots) in postnatal cartilage suggest 
possible roles in the maintenance and stabilization of the car- 
tilage phenotype after birth. This is consistent with previous 
findings, which demonstrated that other family members, 
BMP-3 (osteogenin) and BMP-4, enhance matrix synthesis in 
vitro in several articular chondrocyte culture systems, thus 
contributing to the maintenance of the cartilage phenotype (32, 
46, 47). 

Several BMPs have now been implicated in early skeletal 
development, including BMP-2, -4, -5, -7, and CDMP-1 (GDF- 
5). Other members, such as BMP-3, -6, -7, and CDMP-2, may be 
involved in later stages of skeletal formation (13, 15). The role 
of the BMPs in early development could be chemotactic, mito- 
genic, or inductive. Their function in later stages of skeletal 
development might be promotion of differentiation and main- 
tenance of the established phenotype. The availability of mouse 
strains with null mutations in specific BMP members, such as 
the short-ear mice (Bmp5) and the brachypodism mice 
(Cdmpl/GdfS), allows analysis of the specific contributions of 
the respective members in each of the stages of skeletal devel- 
opment. Similarly, transgenic approaches may well provide 
more insight with regard to the role of other BMPs in develop- 
ment. 

The absence of expression of both CDMP-1 and CDMP-2 in 
the axial skeleton has implications for models of skeletal de- 
velopment; the brachypodism mice, for example, have dis- 
turbed limb development but a normal axial skeleton. This is 
the first evidence that the developmental mechanisms and dif- 
ferentiation pathways of the vertebral bodies are distinct from 
those of the peripheral skeletal elements and indicates that the 
basic form and pattern of the skeleton are likely to be deter- 
mined by a number of BMP-like signaling molecules. The dis- 
covery of this novel subgroup of BMP-like cartilage-specific 
molecules provides additional tools to study the regulation of 
the differentiation of the chondrocytic lineage and provides new 
opportunities for regeneration of cartilaginous tissues in clini- 
cal contexts. 
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